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Equivalent  initial  Flaw  Size  Testing  and  Analysis 


Abstract 

The  Equivalent  Initial  Flaw  Size  (EIFS)  concept  was  developed  nearly  30  years  ago  in  an  attempt 
to  account  for  the  initial  quality,  both  manufacturing  and  bulk  material  properties,  of  the  structural 
detail  prone  to  fatigue  cracking.  Widespread  use  of  this  concept  has  not  been  realized  due  to  the 
large  amount  of  test  data  required  to  develop  a  reliable  EIFS  distribution.  Since  calculation  of  the 
EIFS  is  dependent  on  the  crack  growth  model  and  all  inputs  to  the  crack  growth  model,  the  EIFS 
must  be  determined  for  each  structural  detail  in  question  and  all  load  spectra  this  detail  may 
experience.  Fuselage  lap  splice  joints  for  transport  aircraft  are  very  similar  across  aircraft  types 
and  the  loading  spectrum  is  predominately  constant  amplitude  as  a  result  of  cabin  pressurization 
cycles.  Thus,  using  the  EIFS  concept  is  acceptable. 

Four  types  of  flat,  production  like  joints  were  fatigue  tested  with  crack  detection  and  measurement 
via  the  traveling  optical  microscope,  eddy  current  rotating  probe  system,  and  scanning  electron 
microscope.  Novel  techniques  were  employed  to  avoid  edge  cracking  of  the  joints  and  MSD 
developed  in  all  but  two  joints.  A  programmed  loading  spectrum  was  used  to  mark  the  fracture 
surface  to  aid  in  post-test  crack  history  reconstruction  using  an  optical  and  scanning  electron 
microscope.  As  seen  in  the  post-test  fractographic  evaluation,  many  of  the  crack  nucleation  sites 
were  damaged  by  large  scale  plastic  deformation  of  the  rivet  hole  edge  during  fatigue  or  final 
fracture  of  the  joint.  In  addition,  crack  face  contact  resulted  in  marring  the  fracture  surface  and  in 
some  cases  obliterating  the  marker  bands  used  for  crack  history  reconstruction. 

The  mean  EIFS  for  48  cracks  for  which  EIFS  calculations  were  made  was  21.0  pm  with  a 
standard  deviation  of  11.1  pm.  However,  the  EIFS  calculations  are  prone  to  compounding  errors 
in  the  crack  growth  analysis  due  to  the  changing  stress  intensity  factor  solutions  and  stress  fields 
as  the  crack  gets  longer.  Therefore,  only  including  EIFS  calculations  for  crack  length 
measurements  less  than  1.27  mm  results  in  a  mean  EIFS  of  12.7  pm  with  a  standard  deviation  of 
2.4  pm. 


1.  Introduction 


The  Equivalent  Initial  Flaw  Size  Testing  and  Analysis  program  is  one  of  six  technology  thrusts  in 
the  Federal  Aviation  Administration’s  (FAA)  Widespread  Fatigue  Damage  (WFD)  Evaluation 
program.  The  prime  contractor  to  the  FAA  is  The  Boeing-Long  Beach  Company.  The  Air  Force 
Research  Laboratory,  Air  Vehicles  Directorate,  Structures  Division,  Analytical  Structural 
Mechanics  Branch  (AFRLA/ASM)  is  participating  in  five  of  the  six  technology  areas;  WFD 
Initiation,  Small  Crack  Study,  EIFS,  Multiple  Site  Damage  (MSD)  in  Flat  Panels,  and  MSD  in  an 
Aft  Pressure  Bulkhead.  The  MSD  in  Curved  Panels  program  is  an  effort  solely  executed  by 
Boeing  and  the  FAA.  The  EIFS  testing  is  a  cost  share  between  the  FAA  and  AFRLA/ASM.  Via 
the  FAA,  Boeing  fabricated  16  production  like  joints  to  be  tested  at  AFRL/VASM, 
Wright-Patterson  AFB,  OH. 

The  crack  initiation  life  and  damage  tolerance  characteristic  of  splice  joints  with  MSD  may  vary 
significantly  depending  upon  the  initial  size  and  distribution  of  the  MSD  flaws.  The  statistical 
behavior  of  the  MSD  flaw  size  and  distribution  may  help  explain  the  scatter  in  fatigue  life  and  can 
be  used  to  quantify,  in  fracture  mechanics  terms,  the  quality  of  the  countersunk  holes  under 
varying  manufacturing  techniques  and  service  loading. 

The  objective  of  the  EIFS  study  is  to  generate  fractographic  data  for  fatigue  cracks  nucleating  and 
growing  from  countersunk  fastener  holes  in  the  critical  row  of  typical  fuselage  longitudinal  and 
circumferential  splice  joints  subject  to  operational  loading  spectra.  The  observed  cracks  from  the 
test  are  then  extrapolated  backwards  using  two  separate  crack  growth  analysis  programs, 
FASTRAN  III  and  AFGROW;  developed  by  the  NASA  Langley  Research  Center  and  Air  Force 
Research  Laboratory,  respectively.  In  addition,  a  comparison  is  made  between  the  two  crack 
growth  algorithms  used  in  the  respective  codes.  The  extrapolation  extends  from  the  first 
observed  crack  length  to  the  length  of  the  crack  at  the  beginning  of  the  test,  time  equals  zero.  To 
minimize  the  extrapolation  distance,  the  scanning  electron  microscope  (SEM)  is  used  for  post-test 
fractographic  investigation.  The  EIFS  distribution  is  then  assumed  to  exist  in  like  aircraft  structure 
prior  to  service  and  can  be  accounted  for  in  subsequent  damage  tolerance  analyses. 
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2.  Background 


The  EIFS  concept  was  first  used  during  the  McDonnell  Douglas  F-4C/D  Aircraft  Structural 

Integrity  Program  .  In  using  linear  elastic  fracture  mechanics,  the  method  for  determining  the 
EIFS  is  the  same  regardless  of  the  crack  growth  prediction  code  used.  For  a  given  fatigue 
specimen  cycled  with  a  known  load  history,  a  portion  of  the  crack  growth  life  can  be  obtained  by 
in  situ  and/or  fractographic  measurements.  A  series  of  crack  growth  predictions  can  then  be 
made  with  varying  initial  flaw  sizes.  The  prediction  yielding  the  best  correlation  between  the 
analysis  and  experimental  data  defines  the  EIFS.  If  the  cracks  nucleate  and  grow  as  three- 
dimensional  cracks,  the  crack  shape  must  also  be  established;  thus  two  parameters  must  be 
varied  in  the  predictions,  initial  flaw  size  and  shape.  For  example,  corner  cracks  at  hole,  which 
are  commonly  found  in  mechanically  fastened  structure,  are  analyzed  by  specifying  the  crack 
length,  c,  and  the  crack  depth  to  crack  length  ratio,  a/c. 

The  EIFS  analyses  to  follow  are  a  new  application  of  the  concept  in  that  two  different  crack 
closure  models  are  used.  FASTRAN  uses  a  two-parameter  plasticity  induced  closure  model 
where  the  crack  closure  is  caused  by  residual  plastic  deformation  remaining  in  the  wake  of  a 
growing  crack.  AFGROW  uses  a  single  parameter  closure  model  based  on  changes  in  the  crack 
driving  force  due  to  the  cyclic  plastic  zone  ahead  of  the  crack  tip. 
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3.  Experimental  Investigation 

The  Air  Force  Research  Laboratory’s  Wide  Panel  Test  Facility,  see  Figure  1 ,  was  designed  and 
constructed  specifically  for  the  EIFS  and  MSD  test  programs.  A  digital  computer  was  used  to 
control  the  closed  loop,  servo  hydraulic  load  frames.  The  maximum  specimen  dimensions  are 
48”  x  86”  with  a  100  kip  load  cell.  Each  frame  is  equipped  with  a  20X  traveling  optical  microscope 
(TOM)  mounted  to  a  stage  that  can  translate  along  the  length  or  across  the  width  of  the 
specimen.  A  linear  voltage  displacement  transducer  (LVDT)  is  attached  to  the  stage  so  quantities 
in  the  specimen  width  direction,  crack  length  for  example,  can  be  measured.  The  resolution  of 
the  TOM/LVDT  system  is  ±2.54  pm.  The  data  recording  system  can  sample  at  10  data  points  per 
second  with  all  data  being  stored  electronically.  In  the  current  configuration,  one  data  channel  is 
connected  to  a  strip  recorder,  which  was  used  to  verify  the  applied  load  spectrum. 

Crack  detection  and  measurement  was  accomplished  using  the  rotating  self-nulling  eddy  current 
probe  system  (RPS)  for  subsurface  cracks,  cracks  growing  under  the  countersunk  rivet  head. 
The  TOM  was  used  to  measure  the  cracks  once  they  grew  through  the  specimen  thickness  and 
beyond  the  countersunk  rivet  head.  After  specimen  failure,  the  critical  rivet  row,  the  rivet  row 
containing  the  cracks  that  ultimately  caused  specimen  failure,  was  removed  and  each  crack  was 
cut  out  for  fractographic  investigation  in  the  scanning  electron  microscope  (SEM). 

Two  different  load  spectra  were  used  in  attempt  to  mark  the  fracture  surface  with  marker  bands  to 
aid  crack  growth  history  reconstruction  via  fractographic  analysis  using  the  SEM.  Marker  bands 
are  created  by  an  instantaneous  or  short  duration  variation  in  the  constant  amplitude  (CA) 
maximum  stress  or  stress  ratio,  which  perturb  the  fatigue  striation  spacing  created  by  the  CA 
loading.  The  first  spectrum  contained  2000  baseline  CA  cycles  at  Smax  with  an  R  =  0.1  followed 
by  10  overload  cycles  at  130%  Smaxwith  an  R  =  0.3,  see  Figure  2  with  applied  stress  magnitudes 
given  in  Table  1.  The  second  spectrum,  Figure  3,  contains  1000  baseline  CA  cycles  at  Smax 
followed  by  periodic  blocks  of  100  CA  cycles  at  75%Smaxthen  10  baseline  CA  cycles  all  blocks 
using  an  R  =  0.02,  further  details  of  this  spectrum  can  be  found  in  reference  [3].  The  third 
spectrum  used  is  a  transport  aircraft  fuselage  spectrum  shown  in  Figure  4,  which  is  derived  by 
The  Boeing  Company  from  flight  loads  and  cabin  pressurization. 

3.1.  Test  Articles 

The  EIFS  specimen  panels  are  based  on  fuselage  splice  joint  designs  that  have  been  used  in 
commercial  aircraft  for  many  years.  Four  types  were  chosen,  two  longitudinal  lap-splice  joints, 
one  longitudinal  butt  splice  joint,  and  one  circumferential  butt  splice  joint,  see  Figure  5.  Aluminum 
doublers  were  bonded  with  FM73®  to  the  specimen  ends  to  prevent  failure  in  or  near  the  grip 
area.  The  adhesive  cures  at  250°F.  The  specimen  is  heated  from  room  temperature  to  250°F  in 
one  hour,  held  for  one  hour  at  a  pressure  of  40±5  psi,  then  cooled  to  room  temperature.  The 
overall  specimen  dimensions  are  22”  x  56”  with  22”  x  40”  outside  the  grip  area;  thus  the  specimen 
length  to  width  ratio  (L/W)  is  1 .8.  An  L/W  of  1 .8  was  chose  to  ensure  a  uniform  stress  distribution 
through  the  width  of  the  specimen  outside  the  joint  overlap  region.  The  type  I  longitudinal 
lap-splice  joint  skin  is  made  of  0.063”  thick  2024-T3  aluminum  clad  sheet  with  a  7075-T6 
aluminum  doubler  and  longeron.  Similarly,  the  type  II  longitudinal  lap-splice  joint  skin  is  made  of 
0.063”  thick  2024-T3  aluminum  clad  sheet  with  a  7075-T6  longeron  and  no  doubler.  The  type  III 
longitudinal  butt-splice  joint  skin  is  made  of  0.09”  thick  2024-T3  aluminum  clad  sheet  with  the 
doubler  and  splice  plate  being  made  of  0.071”  thick  2024-T3  aluminum  clad  sheet.  The  longeron 
is  a  7150-T61511  extrusion.  The  type  IV  circumferential  butt-splice  joint  skin  is  made  of  0.063” 
thick  2024-T3  aluminum  clad  sheet  with  7075-T6  doubler  and  splice  plate.  For  the  longitudinal 
joints,  the  material  orientation  of  the  skin  in  relation  to  the  applied  load  is  the  TL  direction; 
whereas,  for  the  circumferential  joint,  the  material  orientation  is  in  the  LT  direction.  The  four  joint 
configurations  can  be  seen  in  Figure  6  -  Figure  9. 


3 


Each  of  the  four  joint  types  was  instrumented  with  strain  gages,  see  Table  2  and  Figure  10  - 
Figure  13,  having  a  single  linear  grid  with  the  loading  axis  parallel  to  the  longitudinal  axis  of  the 
strain  gage  grid.  The  smaller  gages,  EA-13-062AQ-350,  were  used  at  the  anticipated  location  of 
maximum  stress  in  the  critical  outer  rivet  row.  The  larger  gages,  EA-13-250AQ-350,  were  used  to 
determine  the  global  response  of  the  panel. 

3.2.  Finite  Width  Effect 

Wide  panel  testing  not  only  offers  a  more  realistic  representation  of  the  full-scale  structure,  but 
may  also  respond  to  static  or  dynamic  loading  differently  than  the  full-scale  structure.  The  joints 
tested  here  differ  from  the  real  structure  in  that  the  specimen  edges  are  unconstrained  while  in  a 
fuselage  circumferential  and  longitudinal  stiffeners,  frames  and  stringers,  restrain  the  skin.  This 
lack  of  restraint  allows  for  an  increased  rotation  about  the  joint  and  longitudinal  axes  of  the 
specimen  resulting  in  higher  secondary  bending  stresses  at  the  edges.  Furthermore,  the 
increased  stiffness  of  the  specimen  in  the  joint  overlap  area,  boxed  area  in  Figure  5,  constricts 
the  amount  of  Poisson  contraction  in  the  overlap  area  compared  to  the  skin.  Thus,  rivet  loads  at 
the  specimen  edge,  rivets  A1,  A19,  Cl,  and  Cl 9  in  Figure  14,  are  larger  than  those  of  the  interior 
rivets  in  the  same  row.  Rivets  B1  and  B19  in  the  same  figure  are  not  susceptible  to  higher  loads 
since  the  lateral  contraction  in  the  joint  should  not  vary  between  rivet  rows  and  the  Poisson 
restriction  is  primarily  occurring  at  rivet  rows  A  and  C.  To  study  the  finite  width  effect,  Muller 
conducted  several  finite  element  analyses  of  single  shear  lap  joints  with  varying  sheet  lengths 
and  widths.5  He  found  that  for  L/W  ratios  less  than  1.25,  the  outer  rivets,  again  rivets  A1,  A19, 
Cl,  and  C19  in  Figure  14,  only  see  a  slightly  elevated  rivet  force.  For  the  joints  tested  in  this 
effort,  the  L/W  =  1 .8;  thus,  higher  edge  rivet  loads  should  be  expected.  The  larger  secondary 
bending  stresses  and  rivet  loads  cause  edge  cracking,  cracks  that  nucleate  and  grow  at  the  rivet 
holes  in  the  outer  rivet  rows  closest  to  the  specimen  edge.  Due  to  the  high  crack  driving  force  of 

an  edge  cracked  rivet  hole,  MSD  cannot  develop  in  the  remaining  rivets  of  the  same  row.  Several 
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researchers  have  prevented  edge  cracking  by  stop  drilling,  use  of  oversized  rivets,  ball 
indention  at  the  crack  tip,  use  of  protruding  head  rivets,89  and  application  of  doublers  at  the 

specimen  edge.  Four  different  methods  were  used  in  this  study  as  shown  in  Figure  15.  One, 
from  the  specimen  edge  to  the  first  column  of  rivets  for  all  specimens,  the  skins  were  bonded 
together  using  FM73®.  By  bonding  the  sheets  together  at  this  location,  the  load  transmission  at 
the  outer  column  rivets  is  slightly  reduced  due  to  the  load  transfer  occurring  through  the  adhesive. 
Although  the  joint  stiffness  will  also  be  slightly  increased,  the  increased  secondary  bending  at  the 
edge  is  not  significantly  reduced.  Two,  edge  clamps  were  placed  over  the  first  (and  last)  column 
of  rivets,  see  Figure  16.  The  edge  clamps  reduce  the  larger  joint  rotation  at  the  free  edge;  thus, 
reducing  the  secondary  bending.  However,  the  Poisson  restriction  remains.  Three,  the  skin 
material  outside  the  joint  was  cut  into  a  dog-bone  shape.  The  dogboned  sheet  material  outside 
the  joint  reduces  the  load  transmission  at  the  outer  rivet  columns.  Four,  the  outer  column  of 
rivets  at  the  specimen  edges  were  oversized  and  heavily  expanded.  The  larger  rivets  reduce  the 
bearing  stress.  Large  rivet  hole  expansion  causes  compressive  residual  stresses  at  the  hole 
edge  which  inhibits  crack  nucleation  and  subsequent  growth. 

3.3.  Test  Procedure 

The  test  procedure  is  typical  of  any  increasing  AK  fatigue  test.  The  test  article  is  mounted  in  the 
load  frame  and  the  strain  gage  wires  are  connected  to  the  data  collection  system.  Depending  on 
the  joint  type,  edge  treatments  in  the  joint  overlap  area  were  applied  to  decrease  the  likelihood  of 
the  finite  width  effect  discussed  previously.  For  joint  types  I  and  II,  edge  clamps  were  used  as 
shown  in  Figure  1 6.  Joint  type  III  is  by  far  the  stiffest  of  all  joints  tested  and  it  was  anticipated  that 
the  edge  clamps  would  not  eliminate  the  finite  width  effect.  Thus,  the  sheet  material  outside  the 
joint  overlap  area  was  dogboned  to  reduce  the  load  transmission  at  the  outer  columns  of  rivets, 
see  Figure  17.  In  addition,  the  outer  column  of  rivets  on  both  the  left  and  right  hand  side  of  the 
joint  were  drilled  out  and  replaced  with  larger  diameter  rivets  of  the  same  type.  The  diameter  was 
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only  increased  by  1/16”.  These  larger  rivets  were  also  heavily  expanded  such  that  the  driven 
head  diameter  was  1 .8  times  larger  than  the  original  rivet  diameter  (D/D0  =  1 .8).  The  stiffness  of 
the  type  IV  joint  is  lower  than  that  of  the  type  III  joint;  therefore,  only  the  large,  heavily  expanded, 
outer  column  rivets  were  used  to  eliminate  the  finite  width  effect. 

Once  the  test  article  was  installed,  20  load  cycles  up  to  the  maximum  spectrum  load  were  applied 
to  seat  the  article  in  the  load  frame.  A  strain  survey  was  conducted  loading  up  to  the  maximum 
spectrum  load  while  recording  strain  data  every  0.5  seconds.  The  strain  data  was  examined  to 
determine  if  the  article  was  being  loaded  symmetrically  with  respect  to  the  loading  axis.  The 
article  was  then  fatigue  cycled  at  1  -  2  Hz  using  the  stress  levels  specified  in  section  3.  A 
detailed  test  history  is  given  in  Appendix  A. 
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4.  Analytical  Investigation 


4.1.  FASTRAN 

Dr.  James  C.  Newman,  Jr.  of  the  NASA  Langley  Research  Center,  Hampton,  VA,  developed 
FASTRAN  III.  For  a  complete  theoretical  discussion  and  user’s  manual  of  FASTRAN  III,  see 
reference  [10]  and  the  comment  section  at  the  beginning  of  the  FASTRAN  III  FORTRAN  source 
code.  Although  several  FASTRAN  III  runs  were  completed  at  AFRL,  the  code  in  its  current  form 
isn’t  efficient  in  conducting  EIFS  calculations.  Specifically,  an  EIFS  calculation  using  FASTRAN 
would  take  the  following  form.  The  input  file  is  prepared  with  an  assumed  initial  flaw  size. 
FASTRAN  is  executed.  The  results  are  then  checked  for  correlation  of  the  final  crack  length  and 
cycles  with  the  experimental  result.  If  sufficient  accuracy  is  not  obtained  in  the  prediction,  the 
initial  flaw  size  is  adjusted  and  the  process  repeats.  This  procedure  is  not  automated  in  any  way, 
thus  very  time  consuming.  As  a  result,  The  Boeing  Company-Long  Beach  conducted  all  EIFS 
calculations  reported  here. 

4.2.  AFGROW 

Mr.  James  A.  Harter  of  the  Air  Force  Research  Laboratory,  Wright-Patterson  AFB,  OH  is  the 
developer  of  AFGROW.  For  a  complete  theoretical  discussion  and  user’s  manual  of  AFGROW, 
see  reference  [1 1],  The  AFGROW  analyses  assumed  a  quarter-circular  double  corner  crack  at  a 
straight  shank  hole  that  transitions  to  an  oblique  through  crack  once  it  grows  through  the  sheet 
thickness.  The  applied  loading  is  remote  tension,  secondary  bending,  and  bearing  with  the 
tension  and  bending  stresses  being  calculated  from  strain  data  and  the  bearing  stress  calculated 
using  a  strength  of  materials  approach. 

AFGROW  for  Windows95/98/NT4®  operates  in  two  different  modes,  as  an  interactive  Windows 
program  and  as  a  Component  Object  Model  (COM)  Server.  In  the  first  mode,  the  AFGROW  run 
procedure  is  similar  to  FASTRAN  where  one  analysis  is  run  at  a  time.  However,  using  the  COM 
Server  capabilities,  AFGROW  can  run  successive  analyses.  Thus,  in  determining  the  EIFS, 
AFGROW  automatically  changes  the  initial  flaw  assumption  until  correlation  between  the 
experimental  and  analytical  results  reaches  an  analyst  defined  accuracy. 
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5.  Results  and  Discussion 

A  total  of  16  specimens  were  tested,  four  of  each  joint  type,  with  fatigue  crack  growth  data 
obtained  from  12  specimens.  Fatigue  cracks  were  found  at  those  locations  listed  in  Table  2; 
however,  crack  growth  data  was  not  obtained  for  four  of  the  16  specimens;  the  reasons  for  which 
are  discussed  below.  Bonding  of  the  skin  at  the  specimen  edges  was  completely  insufficient 
resulting  in  edge  cracking  of  one  type  I  joint.  A  second  type  I  joint  experienced  edge  cracking 
due  to  an  improperly  designed  edge  block  which  allowed  contact  between  the  edge  block  and 
skin  outside  the  joint  area.  Visual  examination  of  the  fracture  surface  and  nucleation  site  showed 
the  specimen  failed  due  to  a  crack  in  the  skin  initiated  by  fretting.  The  remaining  type  I  joints 
were  tested  successfully  with  redesigned  edge  blocks  with  row  C  being  the  critical  rivet  row.  The 
type  II  joints  were  tested  with  edge  blocks  and  row  A  was  the  critical  rivet  row.  Edge  blocks  did 
not  preclude  edge  cracking  in  the  type  III  joints  although  the  secondary  bending  was  lower  at  the 
specimen  edge  than  center.  The  stiffness  of  the  overlap  area  in  the  type  III  (and  IV)  joints  is 
greater  than  in  the  types  i  and  II  where  the  edge  blocks  prohibited  edge  cracking.  This  suggests 
the  restriction  of  the  Poisson  contraction  at  the  outer  rivet  rows,  and  the  subsequent  higher  rivet 
loads,  is  causing  the  edge  cracking.  The  dog-bone  shape  of  the  skin  outside  the  joint  reduces 
the  amount  of  load  transferred  by  the  rivets  at  the  specimen  edge.  Care  must  be  taken  in 
designing  the  dog-bone  notch  since  the  stress  concentration,  KT,  may  cause  failure  at  the  notch 
root,  r.  Indeed,  when  the  r  =  2.5  in.,  KT  =  1.75  failure  was  at  the  notch  root;  whereas  when 
r  =  19.5  in.,  KT  =  1.3  failure  was  in  the  critical  rivet  row.  Using  the  larger  notch  root  radius,  edge 
cracking  was  prevented  in  the  type  III  joints,  and  the  outer  rivet  rows,  A  or  F,  were  critical.  The 
critical  rivet  row  in  the  type  IV  joint  was  row  D  or  E.  The  dog-boned  skin  does  not  reduce  the  rivet 
loading  for  rows  D  and  E  of  the  type  IV  joint.  In  order  to  prevent  edge  cracking,  the  outer  column 
rivets  were  removed  and  replaced  with  an  oversized  rivet,  and  the  driven  head  was  expanded 
using  a  force  controlled  riveting  machine  until  it  was  1 .8  times  the  original  shank  diameter.  Three 
of  the  four  type  IV  joints  had  dog-boned  skins  along  with  the  larger  rivets.  The  last  type  IV  joint 
was  tested  with  only  the  highly  expanded  outer  column  rivets  demonstrating  the  effectiveness  of 
using  a  high  rivet  squeeze  force  to  keep  cracks  from  nucleating. 

5.1.  Strain  Survey 

As  mentioned  earlier  in  section  3.3,  the  purpose  of  the  strain  survey  is  to  determine  if  the  test 
article  is  being  loaded  symmetrically  and  to  investigate  the  global  response  of  the  joint  to  remote 
tensile  loading.  The  tensile  loading  simulates  the  hoop  stress  in  the  fuselage  skins  as  a  result  of 
cabin  pressurization.  The  hoop  stress  then  creates  secondary  bending  in  the  joint,  due  to  the 
eccentricity  of  the  load  path  through  the  joint.  The  strain  data  recorded  from  gages  close  to  the 
first  rivet  row  are  at  best  average  strain  values.  The  strain  gradient  is  quite  steep  and  although 
small  strain  gages  were  used  (0.062  in.  matrix  length,  see  Table  3),  the  peak  strains  cannot  be 
recorded.  Furthermore,  as  seen  in  Figure  10  -  Figure  13,  the  strain  gages  aren’t  near  the  rivet 
hole  edge  where  the  strains  are  anticipated  to  be  highest.  However,  from  an  analysis  verification 
point  of  view,  the  measured  strains  can  be  compared  to  finite  element  analysis  (FEA)  calculated 
strains  to  determine  if  the  analysis  correlates  well  to  the  experiments.  If  so,  the  FEA  can  be  used 
to  determine  the  most  appropriate  stresses  to  be  used  for  the  crack  growth  analyses. 

The  four  load  frames  that  comprise  the  Air  Force  Research  Laboratory  Wide  Panel  Test  Facility, 
as  shown  in  Figure  1 ,  were  designed  specifically  for  this  effort.  As  part  of  the  verification  of  the 
loading  fixture,  the  strain  distribution  through  the  width  of  a  wide  “dummy”  panel  was  examined. 
Back  to  back  strain  gages  were  used  at  five  locations.  The  back  to  back  configuration  allows  for 
the  bending  strains,  if  any,  to  be  measured.  If  the  strain  distribution  was  unsymmetric,  either  the 
specimen  isn’t  being  loaded  properly  or  the  strain  gages  are  not  mounted  symmetrically  about  the 
specimen  centerline  with  respect  to  the  loading  axis.  Figure  18  shows  the  tensile  strain  variation 
through  the  width  of  the  dummy  panel.  The  strains  are  normalized  by  the  maximum  strain,  which 
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is  at  the  specimen  centerline.  The  dummy  panel  was  not  loaded  to  the  same  maximum  load  for 
each  of  the  load  frames;  thus,  the  strains  are  normalized  by  the  strain  at  the  specimen  centerline, 
which  is  the  maximum  strain.  Little  variation  is  seen  in  the  strains  when  comparing  the  right  to  left 
hand  sides  of  the  panel.  The  peak  strain  at  the  panel  centerline  is  due  to  St.  Venant’s  principle 
since  the  dummy  panel  isn’t  of  sufficient  length.  The  bending  strain  variation  is  shown  in  Figure 
19.  The  bending  strains  should  be  zero  since  the  dummy  panel  is  loaded  in  pure  tension. 
Interestingly,  the  calculated  bending  strains  have  a  nonzero  value,  although  they  are  quite  small 
and  within  the  data  acquisition  system  accuracy  of  ±50pe.  Two  strain  surveys  were  completed  for 
each  load  frame.  After  the  first  survey,  the  dummy  panel  was  rotated  1 80°  and  the  second  strain 
survey  was  conducted.  No  systemic  effect  of  off  axis  loading  can  be  seen. 

The  first  joint  of  each  series  received  a  full  complement  of  strain  gages,  24  in  all,  except  for  the 
type  III  joints,  which  only  had  20  gages.  These  strain  gage  configurations  were  used  not  only  to 
determine  the  global  response,  but  also  to  try  and  capture  the  steep  strain  gradient,  which  exists 
close  to  the  critical  rivet  row(s).  The  remaining  panels  in  each  series  only  had  8  gages.  The 
reduced  number  of  gages  was  used  just  to  observe  the  global  response  of  the  panel.  Each 
specimen  was  measured  to  determine  the  global  dimensions  and  locations  of  the  strain  gages, 
see  Appendix  B.  At  a  given  location  where  the  strain  gages  are  mounted  back-to-back,  one  gage 
on  each  side  of  the  sheet,  the  mean  strain  is  the  tensile  component  and  the  strain  amplitude  is 
the  bending  component,  which  are  calculated  using  the  following  equations. 

o  _  o  _  8  front +e  back  „  _ _  E front  ~  8back 

&mean  bt  -  ^amplitude  —  fcb  —  0 


where 

et  =  normal  strain  due  to  tension 
eb  =  normal  strain  due  to  bending 

s front,  eback  =  normal  strain  from  gages  that  are  “back-to-back” 


It  is  common  to  describe  the  degree  of  secondary  bending  in  terms  of  a  bending  factor,  k. 

k  _  bending 

^tension  (2) 

Using  a  simple  one-dimensional  line  model  to  calculate  the  in-  and  out-of-plane  displacements, 
the  tension  and  bending  stresses  are  easily  determined.”  The  bending  factor  is  very  sensitive  to 
the  rivet  row  pitch,  defined  in  Figure  20,  as  can  be  seen  in  Figure  21 .  The  k  is  weakly  dependent 
on  the  sheet  length  outside  the  joint  overlap  region  as  shown  in  Figure  22.  In  Muller’s  lap  joint 
experiments,  he  measured  k’s  as  high  as  1.0  for  production  like  joints.5  The  measured  k  values  in 
this  effort  never  exceeded  0.5;  however,  the  maximum  bending  strains  cannot  be  measured  with 
the  relatively  large  strain  gages  used.  For  the  strain  gages  close  to  the  critical  rivet  row,  the 
matrix  length  was  0.062”.  The  k  value  range  for  each  joint  type  is  discussed  below. 

In  Figure  23  -  Figure  65  the  strain  behavior  for  each  joint  is  presented.  The  strain  response  is  as 
expected  for  all  the  joints  although  subtle  variations  in  the  strain  values  through  the  width  of  the 
specimens  are  observed,  see  Figure  66-  Figure  81.  Observations  and  discussion  of  the  strain 
behavior  by  joint  type  are  in  the  paragraphs  below.  Although  the  joint  configurations  are  distinct, 
there  are  some  similarities  in  the  global  strain  behavior. 

1.  As  expected,  the  tensile  strain  is  linearly  related  to  the  applied  loading 
without  exception.  The  nonlinear  behavior  seen  in  Figure  28  and  Figure  61  was 
due  to  a  data  acquisition  problem. 
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2.  The  bending  strains  are  higher  close  to  the  joint  due  to  the  eccentricity  of  the 
load  path  and  large  out-of-plane  displacement.  For  example,  the  joint  type  I 
bending  strains  are  approximately  7%  of  the  tensile  strains  outside  the  joint  area, 
strain  gages  1-12  in  Figure  23  and  Figure  24.  However,  near  the  joint,  strain 
gages  13-20  in  Figure  25,  the  bending  strains  are  approximately  30%  of  the 
tensile  strains. 

3.  The  nonlinear  contribution  to  the  bending  strains  is  dominant  in  the  lower 
range  of  applied  load.  As  the  load  is  increased,  kinematic  stiffening  of  the  joint 
occurs  resulting  in  little  if  any  increase  in  the  bending  strain  with  increasing 
applied  load. 

4.  The  strain  varies  through  the  width  of  the  specimens  due  to  two  factors. 

One,  some  of  the  strain  gages  are  not  positioned  exactly  back  to  back  as  can  be 
seen  from  the  measurements  listed  in  Appendix  B.  Two,  fabrication  variability 
such  as  top/bottom  sheet  being  out  of  square,  nonparallel  rivet  rows,  uneven 
rivet  spacing,  etc;  again,  these  measurements  can  be  found  in  Appendix  B. 

5.  The  effect  of  St.  Venant’s  principle  should  be  small  since  the  panel  length  to 
width  ratio  is  2.0;  thus,  the  tensile  strains  through  the  width  of  the  joint  should 
only  vary  due  to  reasons  listed  above  in  item  3. 

Joint  Type  I 

The  tension  and  bending  strain  behavior  is  shown  in  Figure  23  -  Figure  32  with  the  strain  variation 
through  the  width  of  the  joint  shown  in  Figure  66  -  Figure  69.  Away  from  the  joint  area,  the 
bending  response  is  linear  with  applied  load  once  the  applied  load  reaches  5  kips.  Conversely, 
close  to  the  joint,  this  linear  relation  is  not  observed  until  10  kips.  The  range  in  k  factors, 
calculated  from  strain  gages  13-20  was  0.29<k<0.4.  The  bending  strains  in  the  bottom  sheet 
are  of  opposite  sign  compared  to  the  top  sheet  indicating  the  bottom  sheet  is  deflecting  in  the 
opposite  direction  compared  to  the  top  sheet. 

Joint  Type  II 

The  tension  and  bending  strain  behavior  is  shown  in  Figure  33  -  Figure  42  with  the  strain  variation 
through  the  width  of  the  joint  shown  in  Figure  70  -  Figure  73.  Similar  to  the  type  I  joint,  the 
bending  strain  becomes  linear  with  the  applied  load  at  approximately  8  kips  for  the  gages  away 
from  the  joint  overlap.  Near  the  joint,  kinematic  stiffening  does  not  dominate  and  the  bending 
strains  continue  to  increase  with  increasing  applied  load.  In  comparing  the  type  II  joint  to  the 
other  three  joint  types,  the  type  II  is  most  compliant  in  that  it  has  the  fewest  structural  elements 
and  thin  sheet  material.  The  range  in  k  factors,  calculated  from  strain  gages  13-20  was 
0.20<  k  <  0.36.  The  bending  strains  in  the  bottom  sheet  are  of  opposite  sign  compared  to  the  top 
sheet  indicating  the  bottom  sheet  is  deflecting  in  the  opposite  direction  compared  to  the  top 
sheet. 

Joint  Type  III 

The  tension  and  bending  strain  behavior  is  shown  in  Figure  43  -  Figure  55  with  the  strain 
variation  through  the  width  of  the  joint  shown  in  Figure  74  -  Figure  77.  The  type  III  joint  is  the 
stiffest  of  all  joints  tested  having  0.09”  thick  skins  and  a  massive  I-beam  stringer.  The  increased 
stiffness  is  manifested  in  lower  bending  strains  in  the  critical  row.  Even  though  the  bending 
strains  are  low,  kinematic  stiffening  doesn’t  dominate  the  bending  behavior  just  as  in  the  type  II 
joint  where  the  bending  strains  increase  with  applied  load  throughout  the  loading  range.  The 
range  in  k  factors,  calculated  from  strain  gages  9-12  was  0.1 8<  k  <  0.22.  Gages  13-16  were  not 
used  to  calculate  k’s  since  the  strains  appear  to  be  unrealistically  low  due  to  reasons  stated  in 
item  4  above.  Furthermore,  the  strains  outside  the  joint  area,  gages  1-8  and  17-20  show  higher 
strain  values  than  those  recorded  for  gages  13-16  which  is  physically  impossible  if  the  effects  of 
item  4  did  not  exist.  The  bending  strains  increase  to  a  maximum  at  the  first  rivet  row  in  the  joint; 
thus,  strain  gages  closer  to  the  first  rivet  row  will  always  have  a  larger  strain  than  those  away 
further  away. 


9 


To  combat  the  finite  width  effect,  the  type  III  joints  were  dogboned  as  shown  in  Figure  17.  This 
technique  was  effective  in  eliminating  the  finite  width  effect.  Strain  surveys  were  conducted  on 
the  dogboned  specimens  to  ensure  the  strain  behavior  was  as  expected.  In  Figure  49,  the 
bending  strains  remain  the  same  after  dogboning.  The  slope  of  the  tensile  strains  vs.  load  is 
higher  than  in  the  unmodified  specimen  since  the  dogboned  specimen  has  a  narrower  width. 
This  behavior  was  exhibited  in  all  dogboned  specimens. 

Joint  Type  IV 

The  tension  and  bending  strain  behavior  is  shown  in  Figure  56  -  Figure  65  with  the  strain  variation 
through  the  width  of  the  joint  shown  in  Figure  78  -  Figure  81 .  The  type  IV  joint  is  a  circumferential 
butt  joint  and  the  only  stiffening  element  is  a  tapered  doubler.  The  joint  overlap  region  is 
relatively  large,  four  rows  of  fasteners  in  each  sheet.  As  stated  earlier,  large  joint  overlap  regions 
restrict  the  large  out-of-plane  deflections  resulting  in  low  bending  stresses.  However,  in  this  case, 
the  doubler  is  close  to  twice  the  thickness  of  the  sheet  material  and  offers  substantial  bending 
stiffness;  thus,  the  sheet  deflects  significantly  creating  the  large  bending  strains  in  the  critical  rivet 
row.  Note  the  large  bending  strains  at  the  location  of  strain  gages  13  and  14  in  Figure  58.  As 
seen  in  Appendix  B,  gage  13  is  not  exactly  on  the  rivet  row  centerline  but  some  0.075”  above  it. 
A  gage  at  this  location  should  show  smaller  bending  strains  since  it  is  further  away  from  the  joint; 
however,  the  opposite  is  observed.  One  possible  explanation  for  this  behavior  is  the  rivet  row 
pitch,  also  seen  in  Appendix  B.  The  rivet  rows  are  closer  together  on  the  left  hand  side  of  the 
panel  where  gages  13  and  14  are  located;  thus  there  are  higher  bending  strains  on  the  left  hand 
side  of  the  panel  than  on  the  right  hand  side.  Great  care  was  taken  not  to  damage  the  strain 
gage  instrumentation  when  the  dogbone  shape  was  being  cut  into  the  top  and  bottom  sheet; 
however,  as  seen  in  Figure  61 ,  gages  23  and  24  appear  to  be  damaged. 

5.1.1.  Mechanical  Property  Testing 

To  calculate  stresses  from  the  measured  strains,  the  one  dimensional  Hooke’s  Law  is  used  which 
requires  the  modulus  of  elasticity  as  shown  in  Eqn  (3).  Tensile  tests  were  conducted  in 
accordance  with  ASTM  E8-96A  with  the  results  given  in  Table  3  and  graphically  shown  in  Figure 
82  and  Figure  83.  The  numbers  in  parentheses  are  MIL-HNBK-5G  A-basis  values.  3 

a  =  Ee  (3) 


where 

a  =  normal  stress 

E  =  modulus  of  elasticity 

e  =  normal  strain,  tension  or  bending 

The  mechanical  properties  determined  here  are  consistent  with  those  from  reference  [13].  One 
item  of  interest,  the  secondary  modulus,  is  slightly  higher  than  the  reference  values,  which  could 
indicate  a  small  amount  of  extensometer  slipping  resulting  in  a  measured  increase  in  load  (stress) 
with  no  corresponding  increase  in  displacement  (strain).  However,  the  difference  is  small;  thus, 
not  warranting  further  investigation. 

5.2.  Fractographic  Analysis 

From  reference  [3],  the  purpose  and  use  of  a  marker  load  spectrum,  Figure  2  and  Figure  3,  can 
be  described  as  follows. 

The  application  of  the  marker  loads  presumes  two  requirements.  First,  the 
marker  load  cycles  should  leave  striations  or  bands  on  the  fracture  surface  that 
can  be  detected  under  the  microscope.  The  markers  then  indicate  where  the 
crack  front  was  at  the  moment  that  the  marker  load  cycles  were  applied. 
Moreover,  the  crack  front  shape  can  also  be  determined,  which  for  small  and 
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large  cracks  in  riveted  lap  joints  is  essential  information.  Secondly,  crack  growth 
during  the  marker  load  cycles  should  have  a  negligible  effect  on  crack  growth 
during  the  baseline  cycles  in  order  not  to  disturb  the  crack  growth  phenomenon 
to  be  studied. 

The  basic  principle  of  the  marker  load  method  is  that  the  crack  growth  history  can 
be  reconstructed  from  the  markers  after  final  failure  of  a  specimen.  It  presumes 
that  markers  can  be  associated  with  known  numbers  of  the  CA  baseline  cycles. 

The  use  of  marker  loads,  typically  an  instantaneous  or  short  duration  variation  in 
the  CA  maximum  stress  or  stress  ratio,  can  perturb  the  striation  spacing  created 
by  the  CA  loading.  If  the  perturbations  can  be  reliably  detected  in  the  electron 
microscope,  the  crack  growth  history  can  then  be  determined  if  the  number  of 
cycles  to  failure,  also  known  as  the  fatigue  life,  is  known.  If  the  entire  crack 
history  is  not  of  interest  for  a  particular  test  series,  the  number  of  cycles  when  the 
test  is  halted  must  be  recorded  since  this  serves  as  the  starting  point  for 
reconstructing  the  crack  history.  Most  likely,  the  number  of  cycles  between  the 
last  marker  load  and  specimen  failure  is  not  known;  therefore,  the  accuracy  of 
the  number  of  cycles  at  each  marker  load  is  plus  or  minus  the  number  of  cycles 
between  marker  loads.  For  clarity  in  describing  how  the  crack  history  is 
determined,  assume  the  specimen  fails  at  a  (last)  marker  load.  By  viewing  the 
fracture  surface  with  the  unaided  eye,  optical  microscope,  or  scanning  electron 
microscope,  the  previous  marker  band  is  found.  The  number  of  cycles  to  obtain 
the  crack  length  corresponding  to  this  marker  band  is  simply  the  fatigue  life  less 
the  number  of  cycles  between  marker  loads.  This  procedure  is  repeated  until  the 
marker  bands  can  no  longer  be  detected.  The  success  of  marking  the  fracture 
surface  with  marker  loads  hinges  on  detection  of  the  marker  bands  throughout 
the  fatigue  life.  Furthermore,  the  marker  load  is  generally  not  the  load  cycle  of 
interest;  thus,  the  marker  loads  should  not  significantly  effect  the  fatigue  crack 
growth. 

Extensive  testing  of  center  cracked  tension  and  lap  splice  joint  specimens  of 
aluminum  2024-T3  subject  to  CA  with  periodic  marker  block  loading  has  been 
completed  by  The  National  Aerospace  Laboratory  of  The  Netherlands.  '  Two 
separate  spectra  were  tried,  one  with  periodic  overloads  and  the  other  with 
periodic  blocks  of  high  stress  ratio  with  a  constant  ©max  but  with  an  increase  in 
amin.  Overall,  neither  spectrum  effectively  marked  the  fracture  surface  for  small 
crack  lengths,  less  than  0.5  mm,  through  failure.  The  peak  load  spectrum 
created  traceable  marker  bands  only  when  the  peak  load  was  140%  of  the 
maximum  CA  load  which  results  in  unacceptable  crack  retardation  after 
application  of  the  peak  load.  The  high  stress  ratio  spectrum  created  marker 
bands,  but  only  for  crack  lengths  greater  than  0.5  mm. 

Thus,  it  is  not  surprising  that  the  130%  overload  spectrum  used  here  did  not  adequately  mark  the 
fracture  surface  since  the  change  in  the  effective  stress  intensity  factor  during  the  overload  cycles 
was  insufficient. 

The  second  spectrum,  Figure  3,  created  marker  bands  through  final  fracture  and  to  crack  lengths 
as  small  as  9  pm.  In  Figure  84,  the  groups  of  10  and  4  are  clearly  visible;  a  group  of  6  marks 
could  not  be  seen  simply  because  it  was  outside  the  field  of  view  of  the  SEM  at  the  given 
magnification.  To  remove  fretting  debris  and  corrosion  products,  a  cleaning  protocol  was 
developed  using  the  commercially  available  MicroClean™,  water,  acetone,  and  an  ultrasonic 
cleaner.  The  ultrasonic  cleaner  (also  known  as  a  sonicator)  has  a  rectangular  bath  filled  with  two 
to  three  inches  of  tap  water.  The  specimen  is  placed  in  a  beaker  filled  with  the  desired  solution, 
and  then  the  beaker  is  placed  in  the  water  bath.  The  specimens  were  first  ultrasonically  cleaned 
in  acetone  for  five  minutes;  in  other  words,  the  beaker  was  filled  with  acetone,  specimen  was  put 
in  the  beaker,  and  the  beaker  was  placed  in  the  bath.  The  optimum  soak  time  in  the  sonicator  for 
the  2%  solution  of  MicroClean™  and  water  was  unknown;  therefore,  three  different  time  intervals, 
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1,  5,  and  25  minutes  were  used  to  study  the  effect  of  the  cleaner  on  the  fracture  surface. 
Following  the  MicroClean™,  the  specimens  were  cleaned  with  isopropyl  alcohol  in  the  sonicator 
for  five  minutes.  Lastly,  the  specimens  were  air  dried  with  100  psi  compressed  air.  As  can  be 
seen  in  the  series  of  fractures  surfaces  examined,  see  Appendix  D  starting  with  Figure  286 
through  Figure  300,  the  longer  the  specimen  was  in  solution,  the  cleaner  the  fracture  surface 
became.  The  difference  between  the  MicroClean™  5  and  25-minute  soak  time  was  very  subtle; 
thus,  all  specimens  were  kept  in  solution  for  only  5  minutes. 

Preservation  of  marker  bands  during  the  fatigue  life  of  a  built  up  structure  can  be  problematic 
since  the  interaction  of  the  joined  elements  can  damage  or  even  “erase”  the  marks  on  the  fracture 
surface.  Furthermore,  large-scale  deformation  of  the  rivet  hole  edge  can  not  only  erase  the 
marker  bands,  but  also  remove  or  mask  the  crack  nucleation  site.  The  straight  shank  portion  of  a 
countersunk  hole  is  initially  perpendicular  to  the  bottom  surface  of  the  sheet,  which  for  lack  of  a 
better  term  will  be  called  the  faying  surface  corner.  However,  as  can  be  seen  in  Figure  85,  after 
fracture  of  the  specimen,  the  faying  surface  comer  is  well  rounded.  In  several  of  the  fracture 
surfaces  examined,  up  to  500  pm  of  the  faying  surface  corner  experienced  large  plastic 
deformations  giving  the  rounded  appearance.  In  these  instances  the  location  of  the  crack 
nucleation  site  was  estimated  by  using  the  intersection  of  two  lines,  one  parallel  to  the  bottom 
sheet  (faying  surface)  and  the  other  parallel  to  the  straight  shank  portion  of  the  countersunk  hole. 

The  transport  aircraft  flight  spectrum  also  effectively  marked  the  fracture  surface  enabling  post¬ 
test  crack  growth  history  reconstruction  via  the  SEM.  In  Figure  86  and  Figure  87,  the  large  fatigue 
striations  are  clearly  visible  and  easily  detectable  for  a  majority  of  the  fatigue  life.  These  striations 
are  caused  by  the  large  AKeff  due  to  the  peak  loads,  see  Figure  4,  at  the  beginning  of  the  flight 
spectrum. 

Scanned  Polaroid  or  digital  images  of  all  of  the  fracture  surfaces  examined  in  either  the  SEM  or 
optical  stereo  microscope  have  been  taken  and  are  included  in  Appendix  D. 

5.2.1.  Crack  Growth  Histories 

For  each  of  the  cracks  in  all  EIFS-1  through 
EIFS-12  and  EIFS-1 5,  crack  history 
reconstruction  in  the  SEM  was  attempted. 

However,  not  all  attempts  were  successful 
due  to  fracture  surface  damage  or  in  some 
cases,  the  cracks  were  so  small  the  marker 
bands  could  not  be  detected.  The  crack 
shape  is  uniquely  defined  by  the  variables 
shown  in  the  inset  drawing  where  Ci  is  the 
faying  surface  crack  length,  c2  the  free  surface  crack  length,  a  the  crack  depth,  t  the  sheet 
thickness,  and  b  the  sheet  half  width.  In  Figure  88,  14  crack  histories  for  EIFS-7  are  presented. 
The  distribution  of  crack  histories  appears  to  be  quite  uniform  indicating  the  cracks  are  growing  in 
a  similar  manner.  The  two  outlying  cracks,  lower  right  portion  of  Figure  88,  nucleated  and  grew 
late  in  the  fatigue  life  of  the  panel.  It  is  expected  that  the  stress  distribution  at  the  crack  tip  for 
these  two  cracks  is  much  different  than  the  other  cracks  since  substantial  cracking  has  already 
occurred  in  the  joint  and  the  loads  have  been  redistributed.  In  reference  [3],  the  link  between  the 
local  stress  distribution  and  the  crack  shape  development  was  established.  Cracks  growing  in  a 
tensile  dominant  stress  field  grow  faster  in  the  crack  depth  direction  than  crack  length  direction 
thus  having  a  high  aspect  ratio  (large  a/c).  When  the  local  stresses  are  combined  tension  and 
bending,  the  crack  grows  slower  in  the  depth  direction  due  to  the  lower  stress  at  the  crack  depth 
resulting  in  low  aspect  ratio  (small  a/c)  cracks.  In  the  simplest  form,  the  bending  stress  is 
maximum  at  the  faying  surface,  Ci  dimension,  and  linearly  decreasing  through  the  thickness; 
thus,  the  stress  is  lowest  in  the  crack  depth  direction.  Indeed,  the  crack  shapes  of  the  two 
outlying  cracks  from  EIFS-7  had  high  a/c  ratios. 
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Crack  histories  for  the  remaining  joints  are  in  Figure  89  -  Figure  95  with  the  raw  data  listed  in 
Appendix  C.  Interestingly,  many  crack  length  measurements  were  obtained  for  crack  lengths  less 
than  the  inspection  system  threshold.  In  other  words,  using  the  marker  band  spectrum  and  the 
SEM  is  the  only  method  for  obtaining  small  crack  data  for  hidden  cracks  in  built-up  structure.  As 
can  be  determined  from  the  test  history  in  Appendix  A,  crack  histories  are  not  available  for  EIFS 
1,  2,  5,  and  6.  Briefly,  EIFS-1  experienced  uncontrolled  edge  cracking.  EIFS-2  experienced 
uncontrolled  edge  cracking  but  was  then  reduced  in  width  to  eliminate  the  edge  cracks. 
Subsequent  failure  was  in  rivet  row  B  that  was  not  the  typical  failure  row  for  this  joint  type.  No 
fatigue  data  whatsoever  is  available  from  EIFS-1  and  -2.  EIFS-5  and  -6  used  the  130%  marker 
load  spectrum  that  did  not  adequately  mark  the  fracture  surface.  However,  NDI  measured  crack 
lengths  (see  section  5.2.3  for  details)  and  TOM  measured  cracks  lengths  are  available,  shown  in 
Figure  96  -  Figure  97  and  listed  in  Table  4  and  Table  5.  These  measurements  are  difficult  to 
interpret  since  the  NDI  measured  crack  lengths  should  be  the  crack  length  at  the  faying  surface, 
Ci;  whereas,  the  TOM  measured  crack  lengths  are  at  the  free  surface,  c2.  Since  the  cracks  grow 
with  a  part-elliptical  shape  for  nearly  all  their  lives,  a  decrease  in  the  crack  length  is  expected 
when  transitioning  from  crack  measurement  by  NDI  to  TOM.  Indeed  this  is  evident  in  several  of 
the  crack  histories,  A10R,  A16R,  and  A7R,  in  EIFS-5,  Figure  96. 

5.2.2.  Crack  Growth  Rates 


From  the  reconstructed  crack  histories,  shown  in  Figure  88  -  Figure  95,  the  crack  growth  rates 
were  calculated  using  the  secant  method,  Eqn  (5),  as  prescribed  in  ASTM  E647-95A.  Since  a 
good  estimate  of  the  K  solution  is  not  known,  the  crack  growth  rates  are  plotted  versus  the 
average  faying  surface  crack  length,  Eqn.  (4). 


dci  _  Ki  -ciJ 

dN  (Nl+1-Ni)  (5) 


The  crack  growth  rate  vs.  average  faying  surface  crack  length  for  EIFS-3,  -4,  -7,  -8,  -9,  -10,  -11, 
and  -15  are  shown  in  Figure  98  -  Figure  105.  In  view  of  making  crack  growth  predictions  of  the 
fatigue  performance  of  these  lap  joints,  the  behavior  of  the  cracks  in  a  given  joint  ideally  should 
be  similar.  Of  course  this  is  not  the  case  due  to  scatter  in  crack  nucleation  times;  therefore  the 
fatigue  lives  of  each  crack  will  be  different.  Furthermore,  variation  in  crack  propagation  is  also 
possible  which  is  counter-intuitive.  The  scatter  in  crack  propagation  is  due  to  the  changing  stress 
state  near  the  crack  tip.  Specifically,  the  fatigue  critical  rivet  row,  generally  the  first  row  in  the 
joint,  is  subject  to  tension  stress  due  to  the  remote  tensile  loading,  secondary  bending  due  to  the 
eccentricity  of  the  joint,  bearing  due  to  the  load  transfer  through  the  rivets,  shear  stress  due  to 
load  transmission  by  friction,  and  residual  stress  around  the  rivet  hole  due  to  rivet  installation.  In 
the  uncracked  state,  all  five  stress  contributions  are  active.  Although  the  magnitude  has  yet  to  be 
determined,  except  for  the  remote  tensile  stress,  stresses  change  with  increasing  crack  length. 
When  a  large  portion  of  the  joint  is  cracked,  the  bending  stiffness  decreases  causing  a  reduction 
in  the  bending  stress.  In  addition,  the  bending  stress  is  varying  through  the  width  of  the  joint 
depending  on  which  edge  “treatments”  are  used  to  prevent  edge  cracking.  The  bearing  stress 
also  decreases  with  increasing  crack  length  since  the  rivet  load  is  redistributed  to  other  less  or 
uncracked  rivets.  The  load  transmission  by  friction  decreases  with  crack  length  as  well  due  to  the 
reduction  of  clamping  force  the  rivet  exerts  on  the  two  adjoining  sheets.  Lastly,  the  residual 
stress  around  the  rivet  hole  due  to  rivet  installation  is  maximum  in  compression  at  the  hole  edge 
and  decreases  with  increasing  distance  from  the  hole  edge.  In  addition,  cracking  in  the  residual 
stress  zone  causes  redistribution  of  the  stresses  again  adding  to  the  changing  nature  of  the 
stress  field  around  the  rivet  hole. 
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With  the  aid  of  the  reconstructed  crack  histories,  evaluations  of  the  observed  crack  growth  rates 
are  possible.  For  EIFS-3,  see  Figure  89and  Figure  98,  four  rather  distinct  crack  growth  curves 
exist  which  makes  predictions  problematic.  The  limited  number  of  reconstructed  crack  histories  is 
a  result  of  the  short  time  available  for  crack  nucleation  and  growth  since  the  test  was  stopped  at 
170,000  cycles  to  prohibit  edge  cracking  from  interfering  with  the  fatigue  behavior  of  the  cracks 
growing  at  the  rivet  holes  away  from  the  specimen  edge.  Cracking  is  occurring  in  two  different 
rivet  rows,  C  and  D,  where  the  secondary  bending  stresses  are  unequal  due  to  the  asymmetry  of 
the  joint.  Cracking  first  started  in  row  D,  crack  3D15L,  and  then  progressed  to  row  C,  3C17R. 
The  bending  stress  in  row  C  is  less  than  that  in  row  D;  therefore,  a  lower  growth  rate  in  the  former 
is  expected  and  evident  when  comparing  3D15L  and  3C17R.  The  behavior  of  3C14R  is  odd  in 
that  it  is  a  relatively  small  crack,  but  grows  at  a  faster  rate  than  another  crack  in  EIFS-3. 
Possibly,  load  is  being  shed  from  adjacent  rivets  causing  a  larger  bearing  stress  contribution  than 
experienced  by  the  other  crack  locations.  An  interesting  observation  of  the  small  crack  behavior, 
cracks  less  than  1.0  mm,  is  a  nearly  constant  growth  rate  as  exhibited  by  all  cracks  in  EIFS-3 
except  for  3C14R. 

For  EIFS-4,  see  Figure  90  and  Figure  99,  the  cracking  behavior  of  the  four  cracks  is  similar.  The 
failure  mode  is  slightly  different  than  EIFS-3  in  that  no  cracks  in  row  D  were  detected.  Cracks 
were  first  detected  in  4C14  and  4C24;  however,  due  to  extensive  fracture  surface  damage,  the 
crack  history  could  not  be  reconstructed.  Similarly  to  EIFS-3,  the  growth  rates  are  fairly  constant 
for  cracks  lengths  less  the  1 .0  mm. 

By  far,  the  fractographic  examination  of  EIFS-7  was  the  most  successful  of  all  joints  under 
consideration.  Fourteen  crack  histories  were  reconstructed  as  shown  in  Figure  88  with  the 
corresponding  crack  growth  rates  shown  in  Figure  100.  The  crack  nucleation  times  range  from 
under  25,000  cycles  to  over  100,000  cycles  indicating  a  significant  variation  in  the  surface  quality 
at  each  of  the  fastener  holes.  Crack  nucleation  is  a  surface  phenomenon,  not  a  bulk  material 
property  as  is  the  crack  growth  behavior;  thus,  variation  in  the  time  to  crack  nucleation  can  only 
be  attributed  to  surface  quality.  The  surface  quality  can  be  affected  by  specimen  fabrication;  in 
other  words,  how  were  the  rivet  holes  drilled  and  countersunk,  are  the  fasteners  close-fit  or 
interference  fit,  is  the  faying  surface  sealant  evenly  distributed  around  the  fastener  hole.  For 
cracks  that  may  have  nucleated  at  the  faying  surface,  the  condition  of  the  sheet  surface  is  of 
prime  importance. 

All  of  the  cracks  in  EIFS-7  nucleated  in  the  upper  rivet  row,  row  A.  The  general  trend  of  the  crack 
histories,  Figure  88,  are  similar;  however,  7A17L  initiates  later  in  the  fatigue  life  of  the  joint  and 
when  the  crack  is  about  0.8  mm,  it  grows  at  a  faster  rate  than  the  other  cracks  indicating  a 
difference  in  the  crack  driving  force.  Where  the  crack  growth  rate  of  7A1 7L  diverges  from  the 
general  trend  of  the  other  13  cracks,  7A17R  is  approximately  twice  as  large  as  7A17L;  thus  the 
ligament  between  rivets  17  and  18  is  becoming  more  compliant  and  the  load  is  shed  to  the 
ligament  between  rivets  16  and  17.  Furthermore,  the  joint  is  substantially  cracked  with  the  five 
rivet  holes  to  the  left  of  A17  being  cracked.  Two  cracks,  7A16R  and  7A17R,  nucleated  very  late 
in  the  fatigue  life  of  the  joint;  however,  they  appear  to  be  growing  at  the  same  rate  as  the  other 
cracks.  The  crack  growth  rate  data,  Figure  100,  is  bi-modal  in  that  cracks  less  than  1.0  mm  grow 
at  a  nearly  constant  rate;  whereas,  cracks  greater  than  1 .0  mm  grow  at  an  increasing  rate  with 
crack  length.  As  the  corner  cracks  grow,  they  get  closer  to  the  high  stress  concentration  at  the 
knuckle  of  the  countersunk  hole  which  is  possibly  the  cause  for  dramatic  shift  in  crack  growth  rate 
behavior. 

The  data  for  EIFS-8,  crack  growth  histories  shown  in  Figure  91  and  crack  growth  rates  Figure  101, 
is  limited  since  the  test  was  halted  at  130,000  cycles  in  an  attempt  to  avoid  damaging  the  rivet 
hole  edges  and  fracture  surfaces.  Crack  8A19L  grew  very  late  in  the  fatigue  life  and  interestingly, 
this  crack  nucleated  and  grew  under  the  edge  block  which  is  intended  to  stop  crack  growth  at  the 
outer  columns  of  rivets,  rivets  1  and  19.  It  is  difficult  to  determine  the  stress  system  that  8A19L 
experienced  since  the  edge  blocks  reduce  the  secondary  bending  and  increase  load  transmission 
by  friction  due  to  high  clamping  forces.  It  is  sufficient  to  conclude  the  stresses  at  the  outer 
column  rivets  are  different  than  those  at  the  other  rivets  in  the  same  row.  The  crack  growth  rates 
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again  appear  to  be  constant  with  increasing  crack  length  for  cracks  less  than  1 .0  mm  with 
increasing  growth  rates  with  increasing  crack  length  for  cracks  greater  than  1 .0  mm. 

The  EIFS-9  data,  crack  growth  histories  shown  in  Figure  92  and  crack  growth  rates  Figure  102,  is 
presented  for  completeness  only  since  this  joint  failed  in  row  B  which  is  not  the  fatigue  critical 
rivet  row.  A  good  estimate  of  the  stress  system  and  thus  crack  driving  force  is  questionable  for 
the  cracks  in  row  A  with  substantial  cracking  in  row  B. 

Edge  cracking  was  also  prevalent  in  EIFS-10;  however,  the  crack  data,  crack  histories  in  Figure 
93  and  crack  growth  rates  Figure  103,  is  of  value  since  the  edge  cracking  was  controlled.  The 
first  edge  crack  was  found  at  10B1L  and  was  small;  thus,  in  all  likelihood,  this  small  edge  crack 
did  not  affect  the  crack  driving  force  in  the  anticipated  failure  rows  A  or  F.  The  panel  was 
reduced  in  width  thereby  removing  the  outer  most  rivet  columns  and  thus  the  edge  crack  at 
10B1L.  Six  crack  growth  histories  were  reconstructed  and  are  quite  similar.  The  crack  growth 
rates,  in  general,  increase  with  increasing  crack  length,  which  is  different  from  what  was  observed 
for  joint  types  I  and  II.  A  possible  explanation  of  this  behavior  is  offered.  Joint  types  I  and  II 
(EIFS-1  through  -8)  are  longitudinal  lap-splices;  whereas,  Joint  type  III  (EIFS-9  through  -12)  are 
longitudinal  butt  splices.  The  upper  and  lower  sheets  in  the  former  joints  are  thinner  than  the 
latter,  0.063”  compared  to  0.09”.  Also,  since  the  joint  type  III  has  six  rivet  rows,  the  secondary 
bending  is  less  than  that  in  joint  type  I  with  four  rivet  rows  and  joint  type  II  with  three  rivet  rows. 
The  higher  bending  in  joint  types  I  and  II  causes  a  reduced  crack  growth  rate  through  the 
thickness  of  the  sheet  since  the  bending  stress  is  less  at  the  “a”  crack  tip  than  at  the  crack  tip. 
As  a  result,  the  crack  maintains  a  low  aspect  ratio  (a/c0  and  grows  at  a  slow  rate.  Conversely,  in 
the  type  III  joint  with  low  bending  stress  and  thicker  sheets,  the  crack  tip  at  “a”  is  not  pinned  down 
and  the  crack  quickly  grows  through  the  thickness.  This  behavior  is  characteristic  of  the  growth 
of  corner  cracks  in  tensile  dominant  stress  fields. 

The  reconstructed  crack  histories  and  crack  growth  rates  for  EIFS-1 1  are  shown  in  Figure  94  and 
Figure  104,  respectively.  Except  for  11F6R,  all  the  cracks  nucleated  late  and  grew  quickly.  The 
scatter  in  the  crack  growth  rates  is  larger  than  that  of  the  cracks  discussed  above.  From  the  data 
presented  in  Appendix  C,  the  y-location,  which  is  the  distance  from  the  faying  surface  to  the 
location  the  marker  band  was  found  in  the  sheet  thickness  direction,  is  quite  large.  Recall,  all  the 
cracks  propagate  as  part-elliptical  cracks;  thus,  a  change  in  crack  length,  Ac1t  for  example,  might 
be  too  small  if  the  first  c,  measurement  is  at  the  faying  surface  and  the  subsequent  c-, 
measurement  is  far  away  from  the  faying  surface.  Every  attempt  was  made  to  measure  the 
marker  bands  at  the  faying  surface;  however,  as  shown  in  Appendix  C,  this  was  not  always 
possible. 

The  reconstructed  crack  histories  and  crack  growth  rates  for  EIFS-1 5  are  shown  in  Figure  95  and 
Figure  105,  respectively.  Two  distributions  of  cracks  are  evident,  cracks  15E2R,  15E16L,  and 
15E29R  nucleated  later  than  the  other  cracks.  However,  all  the  cracks  appear  to  be  growing  at  a 
similar  rate  indicating  a  similar  crack  driving  force  amongst  all  cracks  examined.  The  marker 
bands  created  by  the  flight  spectrum,  shown  in  Figure  4,  were  rather  distinct  as  shown  in  Figure 
86  and  Figure  87. 

To  further  evaluate  the  data  produced  by  the  NDI  system  and  TOM,  the  crack  growth  rate  vs. 
average  crack  length  is  shown  in  Figure  106  and  Figure  107  for  EIFS-5  and  EIFS-6,  respectively. 
The  scatter  in  data  is  tremendous  primarily  due  to  errors  in  crack  length  measurement.  In 
general,  the  crack  growth  rate  is  nearly  constant  with  increasing  crack  length.  This  behavior  has 
no  physical  basis  and  this  data  has  no  technical  use. 

The  magnitude  and  range  of  crack  growth  rate  data  derived  from  the  reconstructed  crack 
histories  is  similar  to  that  of  the  Newman  and  Edwards  6  AGARD  study  of  1988  and  Piascik 
transport  aircraft  teardown  investigation  in  1997.  All  three  data  sets  are  shown  in  Figure  108. 
Comparisons  of  this  sort  are  problematic  since  the  test  conditions  of  each  data  set  are  not  similar. 
The  AGARD  study  used  single  edge  notch  tension  (SENT)  specimens  which  nucleated  surface 
cracks  along  the  bore  of  the  hole.  The  Piascik  data  are  for  corner  cracks  nucleating  from  Briles™ 
rivet  holes.  Typically,  crack  growth  rates  are  plotted  against  the  change  in  the  stress  intensity 
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factor  (da/dN  vs.  AK);  however,  of  the  three  data  sets,  a  good  estimate  of  the  K  solution  is  only 
known  for  the  SENT  specimen.  As  a  result,  the  crack  growth  rates  are  plotted  against  the 
average  crack  length  in  Figure  108. 

The  scatter  in  all  three  data  sets  is  largest  at  the  lower  crack  lengths  which  can  be  a  result  of 
measuring  error  or  the  small  crack  effect.  Recall,  the  small  crack  effect  is  evident  when  cracks  in 
nominally  similar  test  specimens  with  a  given  AK  grow  at  an  accelerated  rate  when  compared  to 
the  long  crack  data.  The  smallest  crack  lengths  measured  were  4.7,  50,  and  36  pm  for  the 
AGARD,  Piascik,  EIFS  data  sets,  respectively.  The  latter  two  data  sets  used  a  marker  spectrum 
and  the  SEM  to  reconstruct  the  crack  history  post  test;  however,  the  AGARD  investigation  used 
the  replica  technique  since  the  crack  nucleation  site  was  accessible.  Thus,  the  large  difference  in 
smallest  detected  crack  is  expected.  Although  the  lower  limits  of  the  EIFS  and  Piascik  data  is 
7-10  times  as  large  as  the  AGARD  data,  they  are  still  in  the  small  crack  regime.  Furthermore,  the 
AGARD  and  Piascik  data  appear  to  be  of  the  same  distribution;  however,  due  to  the  differences 
in  applied  stress  levels  and  the  geometric  correction  factor,  additional  conclusions  can  only  be 
conjecture.  The  EIFS  data  is  bi-modal  exhibiting  a  rather  fiat  slope  for  cracks  less  than  1 .0  mm 
and  an  increasing  slope  for  cracks  greater  than  1.0  mm.  This  bi-modality  is  not  seen  in  the  other 
two  data  sets. 

For  2024-T3  aluminum,  a  typical  crack  growth  rate  plot  is  shown  in  Figure  10911.  A  K  estimate 
was  made  for  joint  type  il  using  bypass,  bending,  and  bearing  stress  ratios  of  0.654,  0.395,  and 
1.978,  respectively.  The  stresses  were  normalized  by  the  15  ksi  (103.4  MPa)  remote  tension 
stress  to  obtain  the  stress  ratios.  The  joint  was  idealized  as  a  finite  width  plate  with  a  single, 
centrally  located  hole  with  two  diametrically  opposed  corner  cracks  growing  in  the  plane  of  the  net 
section  of  the  plate.  The  geometry  of  the  idealized  plate  had  a  width  =  28.96  mm, 
thickness  =  1.6  mm,  rivet  hole  diameter  =  4.76  mm.  For  the  given  remote  tensile  stress  and  a 
quarter-circular  crack  shape,  the  stress  intensity  factor  is  7.23  MPaVm.  Plotting  this  K  value  with 
the  handbook  material  data,  see  Figure  109,  indicates  this  K  value  is  in  the  crack  growth  region 
between  the  two  “knees”  in  the  curve.  Thus,  the  bi-modal  behavior  seen  in  the  EIFS  crack  growth 
rate  data  can  simply  be  due  to  the  basic  material  properties  of  2024-T3  aluminum.  For  the  given 
stress  levels  and  SENT  geometry  used  in  the  AGARD  study,  the  AK  values  were  not  large 
enough  to  clearly  show  the  bi-modal  behavior  in  the  crack  growth  rate  data.  The  Piascik  data  is 
limited  in  that  a  maximum  of  six  crack  length  measurements  are  possible  since  only  six  marker 
band  loading  blocks  were  in  the  entire  spectrum.  Although  six  measurements  were  possible,  the 
most  recorded  for  any  single  crack  was  four.  As  a  result,  the  change  in  crack  length  between 
measurements,  Aa,  can  be  as  large  as  1  -  2  mm;  thus,  the  data  resolution  is  much  lower  than 
obtained  in  the  AGARD  and  EIFS  efforts.  For  the  data  shown  in  Figure  109,  the  Aa  was 
approximately  0.25  mm.  Had  the  Piascik  data  more  resolution,  the  bi-modal  crack  growth 
behavior  may  have  been  evident. 


5.2.3.  Evaluation  of  Rotating  Seif-Nulling  Eddy  Current 
Probe  System 

The  NASA  Langley  Research  Center  (NASA-LaRC)  developed  the  Rotating  Self-Nulling  Eddy 
Current  Probe  System  (RPS)  to  detect  small  fatigue  cracks  around  mechanical  fasteners  which 
remain  hidden  by  the  countersunk  head  of  the  fastener.  The  RPS  initially  showed  great  promise 
obtaining  a  probability  of  detection  (POD)  of  90/95%  for  0.032”  fatigue  cracks  during  a  POD  study 
conducted  at  the  FAA  NDI  Validation  Center  in  Albuquerque,  New  Mexico.  This  represents  a 
20%  decrease  in  detection  size  as  compared  to  the  POD  study  reported  in  reference  [2].  The 
RPS  was  to  be  used  in  this  effort  for  detection  and  measurement  of  cracks  ranging  in  length  from 
0.032”  -  0.10”.  Once  the  crack  was  greater  than  0.10”,  a  traveling  optical  microscope  would  be 
used  to  measure  the  crack  length.  The  output  of  the  RPS  is  a  measured  voltage.  This  voltage  is 
compared  to  output  voltage  from  a  reference  standard  with  a  known  crack  size.  The  reference 
standards  provided  by  LaRC  are  shown  in  Figure  110  for  joint  types  I,  II,  and  IV  which  had  0.063” 
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sheets  and  NAS1097-AD6  rivets  and  Figure  111  for  joint  type  ill  which  had  0.09”  sheets  and 
proprietary  Boeing  flush  head  fasteners. 

The  RPS  was  used  for  EIFS-1  through  EIFS-12,  but  could  not  be  used  for  EIFS-13  through 
E1FS-16  since  the  cracks  in  these  latter  joints  occurred  in  the  doubler  which  had  the  driven  head 
of  the  rivet.  Recall  that  the  test  order  was  EIFS-5  through  EIFS-8,  then  EIFS-1  through  EIFS-4, 
and  finally  EIFS-9  through  EIFS-1 6.  For  EIFS-5  and  -6,  the  RPS  and  TOM  were  the  only 
techniques  used  to  measure  the  crack  length  in  time.  The  accuracy  of  the  RPS  was  to  be 
evaluated  by  comparing  the  RPS  measured  crack  lengths  of  EIFS-5  or  EIFS-6  to  those 
determined  from  fractographic  analysis  using  the  SEM.  Unfortunately,  since  the  130%  overload 
spectrum  did  not  mark  the  fracture  surface  adequately,  no  crack  lengths  could  be  measured  in 
the  SEM.  After  switching  to  the  10-4-6  marker  spectrum,  EIFS-7  was  tested  and  fractographic 
analysis  completed.  Of  the  38  possible  crack  nucleation  sites,  15  crack  histories  were 
reconstructed.  A  comparison  between  the  RPS  and  SEM  results  is  shown  in  Figure  112.  Similar 
RPS  performance  was  observed  for  the  14  other  cracks  in  EIFS-7.  The  RPS  consistently 
underestimated  the  crack  length  and  did  not  detect  several  cracks,  which  were  well  above  the 
0.032”  detection  threshold.  Due  to  inaccuracies  in  crack  detection  and  measurement  by  the  RPS, 
the  primary  technique  for  obtaining  the  crack  growth  history  was  post-test  fractographic  analysis 
of  the  fracture  surface.  Even  though  the  RPS  measurements  were  in  question,  it  was  still  used 
on  EIFS-1  through  EIFS-12  in  hopes  that  the  data,  listed  in  Appendix  E  might  be  useful  in 
developing  future  enhancements  to  the  system. 


5.3.  Fatigue  Crack  Growth  Predictions 


Fatigue  life  predictions  for  each  of  the  four  joint  types  were  made  using  AFGROW  which  makes 
use  of  the  Component  Object  Model  (COM)  technology.  The  COM  implementation  in  AFGROW 
allows  the  EIFS  to  be  determined  without  the  analyst  performing  thousands  of  predictions 
requiring  user  interaction.18  Specifically,  using  Microsoft  Excel  and  AFGROW,  an  initial  guess  at 
the  EIFS  is  made.  The  fatigue  life  is  calculated  in  AFGROW  with  output  going  back  to  Excel.  A 
comparison  is  made  between  the  predicted  and  test  data.  The  EIFS  is  adjusted  to  reduce  the 
error  and  the  process  repeats  until  the  user  specified  error  tolerance  is  obtained.  No  analyst 
interaction  is  required.  In  FASTRAN,  the  analyst  is  required  to  manually  adjust  the  EIFS  with 
each  iteration.  For  this  reason,  predictions  for  only  one  type  II  joint  have  been  completed  using 
FASTRAN.21  As  mentioned  previously,  not  ail  crack  histories  could  be  reconstructed;  thus,  EIFS 
calculations  using  AFGROW  were  made  for  all  the  cracks  whose  histories  were  available. 


In  its  most  basic  formulation,  the  stress  intensity  factor  range,  AK  is  calculated  by 
AK  =  Aa-y/rcaP 
where 

Act  =  Applied  stress  range 

a  =  Crack  length  or  depth 

p  =  Geometry  correction  factor 


(6) 


Both  FASTRAN  and  AFGROW  convert  the  AK  to  the  effective  stress  intensity  factor  range,  AKeff 
via  their  respective  crack  closure  models  which  account  for  load  interaction  effects.  Using  the 
AKeff  and  crack  growth  rate  data  for  the  given  material,  the  crack  growth  increment  per  load  cycle 
is  obtained  by  means  of  a  table  look-up  procedure.  For  additional  information  and  a  comparison 
of  these  crack  growth  codes,  see  reference  [19]. 

20 

Based  on  the  fractographic  evidence  gained  in  this  investigation  and  others  ,  the  initial  flaw 
shape  is  assumed  to  be  quarter  circular  for  all  EIFS  predictions.  The  crack  shape  is  permitted  to 
develop  naturally  during  its  life;  in  other  words,  the  crack  shape  is  not  controlled  or  prescribed. 
Once  the  crack  grows  through  the  thickness,  it  continues  to  propagate  with  a  part-elliptical  shape. 
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For  the  part-through  stage  of  crack  growth,  the  well-known  Raju/Newman  equations  are  used. 
For  the  through  crack  portion  of  the  fatigue  life,  K  solutions  from  reference  [20]  are  used. 

Currently,  the  fatigue  crack  growth  prediction  codes  in  the  public  domain  cannot  account  for 
multiple  part-through  cracks  growing  in  one  structural  detail.  Therefore,  the  cracks  in  the  four 
complex  joint  types  are  modeled  as  two  diametrically  opposed  part-through  cracks  growing  from 
a  centrally  located  straight  shank  hole  in  a  finite  width  plate  subject  to  remote  tension,  secondary 
bending,  and  bearing,  see  Figure  113.  For  each  of  the  joint  types,  the  idealized  model 
dimensions  and  stress  levels  are  listed  in  Table  5.  The  bypass,  bending,  and  bearing  stresses 
are  normalized  by  the  remote  applied  tensile  stress  to  give  the  corresponding  stress  ratios  shown 
in  Table  1. 

The  bending  stress  ratio  is  calculated  from  the  strain  data  using  Eqn.  (1)  for  the  gages  closest  to 
the  critical  rivet  row.  The  bending  stresses  are  higher  in  all  likelihood  since  the  strain  gradient  is 
very  steep  and  the  strain  gages  are  measuring  an  average  value  over  the  grid  area  of  the  gage. 
Furthermore,  the  bending  stress  doesn’t  scale  linearly  with  the  applied  remote  tensile  stress;  thus 
for  joint  type  II  with  a  remote  tensile  stress  of  103.4  MPa,  the  bending  stress  ratio  is  0.36. 

The  percent  load  transfer,  listed  in  Table  6,  is  the  portion  of  the  total  load  transferred  through 
each  individual  fastener  and  is  calculated  using 

(7) 


(8) 


(9) 


=  Applied  stress 
=  Percent  load  transfer 
=  Applied  load  per  inch 
=  Fastener  shear  at  critical  rivet  row21 
=  Average  fastener  load  per  inch 
=  Sheet  thickness 
=  Rivet  row  pitch 


is  estimated  using  a  basic  mechanics  of  materials  approach  and  is  calculated 

(10 

\ 


=  Average  bearing  stress 
=  Applied  load 

=  Number  of  rivets  per  rivet  row 
=  Hole  diameter 
crbypass.  is  similarly  calculated  using 


The  bearing  stress 
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The  FASTRAN  analysis  conducted  by  The  Boeing  Company  used  similar  input  data  as  described 
above;  however,  the  crack  was  modeled  differently  in  that  the  through  crack  portion  of  the  fatigue 
life  was  modeled  as  a  straight  through  crack.  The  predictions  did  not  correlate  well  with  the 
experimental  data;  therefore,  Boeing  developed  an  additional  geometry  correction  factor  to 
account  for  effects  of  rivet  interference,  friction  between  contact  surfaces,  and  load  shedding  in 
order  to  increase  the  correlation  between  predicted  and  actual  lives.  This  correction  factor,  pu,  is 
shown  in  Figure  1 14.  To  aid  in  comparing  the  AFGROW  and  FASTRAN  results,  pu  was  also  used 
for  the  AFGROW  predictions.  Since  the  AFGROW  predictions  are  completed  in  an  entirely 
automated  procedure,  calculating  an  EIFS  for  each  crack  length-cycle  count  pair  for  a  given  crack 
is  possible.  Thus,  the  EIFS  determined  by  AFGROW  is  the  average  value  from  all  EIFS’ 
calculated  for  the  given  crack.  Automated  EIFS  calculation  using  FASTRAN  is  currently  not 
possible;  therefore,  the  FASTRAN  EIFS  is  one  value  that  appears  to  match  most  of  the  crack 
growth  curve  for  a  given  crack.  The  difference  in  the  two  approaches  can  be  seen  in  Figure  1 1 5 
and  Figure  116.  Comparing  the  FASTRAN  and  AFGROW  predictions  of  7A6R,  using  the  former 
code,  one  prediction  is  made;  whereas  using  the  latter,  50  predictions  are  made  to  determine  the 
EIFS. 

Enforcing  a  high  accuracy  on  the  EIFS  calculations  results  in  long  computation  times  for  each 
crack  length-cycle  count  pair.  To  reduce  the  computation  time,  the  EIFS  calculation  was  stopped 
when  the  predicted  crack  length  and  cycle  count  was  within  2%  of  the  SEM  data.  An  initial  guess 
was  made  for  the  first  crack  length-cycle  count  pair  and  AFGROW  iterates  on  the  initial  crack 
length  and  depth  until  the  desired  correlation  with  the  experimental  data  is  obtained.  Recall,  the 
initial  flaw  shape  is  assumed  to  be  quarter  circular  based  on  fractographic  results  here,  Appendix 
D,  and  in  reference  [20].  The  source  code  for  the  EIFS  iteration  algorithm  is  written  in  Visual 
Basic  for  Applications  (VBA)  and  is  listed  in  Appendix  F.  AFGROW  version  3.9844.11.8  was 
used  for  all  calculations  and  can  be  obtained  at  http://fibec.fliaht.wpafb.af.mil/fibec/afarow.html. 
The  mean  and  standard  deviation  in  EIFS  is  listed  in  Table  7.  The  statistical  parameters  were 
calculated  using  only  the  information  from  those  cracks  for  which  crack  history  reconstruction 
data  exists,  see  Figure  88  -  Figure  95.  The  mean  EIFS  for  joint  types  I,  II,  and  III  was  12.572  pm 
and  standard  deviation  of  4.122  pm.  The  mean  EIFS  for  the  one  joint  type  IV  analyzed  was 
301.560  pm,  which  is  much  larger  than  the  other  three  joint  types.  The  standard  deviation  was 
217.512  pm.  The  large  standard  deviation  illustrates  the  sensitivity  of  the  EIFS  calculation  on 
small  perturbations  in  the  EIFS.  This  sensitivity  was  not  observed  for  joint  types  l-lll  where  load 
sequence  effects  were  negligible.  It  is  interesting  to  note  that  the  K  solutions  for  the  joint  type  IV 
are  more  accurate  than  those  for  joint  types  l-lll  since  the  cracks  in  the  former  are  growing  from 
straight  shank  holes.  An  initial  flaw  size  of  301 .560  pm  would  have  been  easily  visible  during  the 
fractographic  examination;  however,  it  was  not.  Thus,  the  K  solution  is  too  low  indicating  the  use 
of  |3u  for  joint  type  IV  might  be  inappropriate. 

Several  observations  can  be  made  regarding  the  AFGROW  predictions  in  Figure  116.  The  crack 
growth  curves  for  the  smaller  crack  lengths,  less  than  0.02  in  for  7A6R,  show  a  smaller  standard 
deviation  in  EIFS  than  the  larger  crack  lengths.  The  correlation  with  the  SEM  data  is  worst  when 
the  crack  length  is  less  than  the  sheet  thickness,  which  was  the  case  for  all  EIFS  calculations. 
Once  the  “a”  crack  tip  intersects  the  countersunk  edge,  the  K  solutions  used  here  don’t 
adequately  represent  the  crack  driving  force  which  can  be  seen  by  the  large  difference  between 
the  measured  and  predicted  crack  history. 

In  examining  the  mean  EIFS  vs.  final  crack  length  data  in  Figure  117,  no  systematic  trend  is 
apparent  except  that  the  largest  mean  EIFS  occurs  at  the  larger  crack  lengths,  but  not  at  the 
largest  crack  length.  Moreover,  the  longest  crack  lengths  don’t  exhibit  the  largest  standard 
deviation  in  EIFS,  see  Figure  118.  The  largest  mean  EIFS  and  standard  deviation  in  EIFS  is 
when  the  final  crack  lengths  vary  from  1.0 -3.0  mm.  All  that  is  known  is  that  the  crack  is  in 
transition  from  a  part-elliptical  corner  crack  to  a  through  crack  with  a  straight  front.  It  is  expected 
that  the  crack  growth  calculations  for  the  larger  crack  lengths  are  more  susceptible  to  variability  in 
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the  final  EIFS.  For  the  larger  cracks,  multiple  K  solutions  are  used;  double  corner  crack  at  a  hole, 
part-elliptical  through  crack,  and  finally  a  through  crack  with  a  straight  front.  In  addition,  the  local 
stress  field  changes  through  the  ligament  between  adjacent  rivets.  Specifically,  pin  loading  and 
residual  stresses  due  to  rivet  installation  exist  near  the  rivet  hole  but  not  usually  more  than  one 
rivet  diameter  away  from  the  hole.  The  bending  stress  is  maximum  near  the  rivet  hole  as  well 
since  the  rivet  is  offering  bending  restraint.  The  change  in  local  stress  field  between  adjacent 
rivets  is  not  accounted  for  in  the  EIFS  calculations.  Much  of  the  fatigue  life  is  spent  while  the 
cracks  are  in  the  long  crack  threshold  regime  where  the  crack  growth  rate  data  is  most  unreliable. 

As  mentioned  previously,  most  of  the  fatigue  life  is  consumed  while  the  cracks  are  part-elliptical 
corner  cracks  at  a  (countersunk)  hole.  Recall,  the  Newman/Raju  solutions  are  used  for  predicting 
this  portion  of  the  fatigue  life;  thus,  errors  in  these  solutions  will  have  a  large  effect  on  the  EIFS 
calculations.  As  was  shown  in  reference  [22],  the  errors  in  the  Newman/Raju  solutions  can  be  as 
large  as  30%  for  some  crack  geometries  and  load  conditions.  Thus,  the  large  standard 
deviations  in  EIFS  calculations  could  also  be  due  to  this  error. 

A  comparison,  shown  in  Figure  119,  is  made  of  a  part-elliptical  corner  crack  with  a/c  =  0.6  at  a 
straight  shank  hole  and  a  countersunk  hole.  The  global  geometry  used  for  this  comparison  was 
the  same  as  that  used  in  the  joint  type  II  EIFS  calculations.  The  straight  shank  hole  solution  is 
much  higher  than  the  countersunk  hole  for  remote  tension  and  bending.  In  other  words,  the  EIFS 
calculations  made  here  are  using  an  over-conservative  K  solution  in  the  small  crack  regime, 
ct  <  1.0  mm.  The  end  result  is  an  EIFS  value  that  is  smaller  than  it  should  be.  Care  must  be 
taken  in  using  this  EIFS  value  for  fatigue  life  predictions  of  structure  other  than  the  structure  from 
which  it  was  derived.  Furthermore,  since  the  EIFS  is  dependent  on  the  crack  growth  model  and 
all  inputs  to  the  model,  the  EIFS  should  only  be  used  for  geometrically  similar  and  likely  loaded 
structure. 

To  mitigate  the  affect  of  the  compounding  error  associated  with  the  EIFS  determined  from  the 
larger  cracks,  the  EIFS  mean  and  standard  deviation  values  are  recalculated  only  for  crack 
lengths  less  than  1.27  mm,  see  Table  8.  Selecting  1.27  mm  is  arbitrary,  but  ensures  only  one  K 
solution  is  used  in  the  EIFS  calculation  and  that  the  cracks  are  most  likely  still  small  part-through 
cracks  hidden  by  the  countersunk  rivet  head.  The  mean  EIFS  for  joint  types  I,  II,  and  III  was 
10.947  pm  and  standard  deviation  of  1.599  pm.  The  reduction  in  the  mean  EIFS  was  small; 
however,  the  standard  deviation  in  mean  EIFS  values  is  for  the  most  part  greatly  reduced.  The 
mean  EIFS  for  the  one  joint  type  IV  analyzed  was  86.853  pm,  which  is  much  larger  than  the  other 
three  joint  types.  The  standard  deviation  was  70.575  pm.  Further  evaluation  of  the  calculated 
EIFS  will  be  problematic  until  a  more  accurate  K  solution  is  obtained. 

5.4.  Comparison  between  AFGROW  and  FASTRAN 

Eight  cracks  from  EIFS-7,  listed  in  Table  9,  were  used  to  compare  the  crack  growth  algorithms 
implemented  in  AFGROW  and  FASTRAN.  The  differences  between  the  two  EIFS  calculations 
have  a  wide  range  from  0.1  pm  for  7A7R  to  22.1  pm  for  7A14L.  The  spectrum  used  for  EIFS-7 
was  the  10-4-6  marker  spectrum  and  was  shown  in  reference  [20]  not  to  affect  the  crack  growth 
rate.  In  other  words,  this  spectrum  does  not  result  in  any  load  sequence  effects;  thus,  plasticity 
induced  crack  closure  should  be  minimal.  As  a  result,  the  only  parameters  contributing  to  the 
differences  in  the  predictions  by  the  two  codes  are  the  stress  intensity  range,  AK  (since  crack 
closure  is  minimal,  AK  »  AKeff),  and  stop  criteria  for  determining  the  EIFS. 

Both  codes  use  the  Newman/Raju  double  corner  crack  at  a  straight  shank  hole  K  solution. 
However,  AFGROW  does  not  use  the  stress  ratio  based  fitting  factor,  pR,  developed  by  Newman 
and  Raju  in  [23].  The  pR  parameter  is  used  to  account  for  the  plane  strain/plane  stress  transition 
that  occurs  at  the  free  surface  of  the  material.  To  account  for  this  behavior,  AFGROW  does  not 
use  the  parametric  angle  of  the  ellipse  at  the  a  and  c ■,  crack  tips,  0°  and  90°;  but  instead  uses  2° 
and  88°.  The  affect  of  both  techniques  is  the  same;  AK  is  slightly  reduced.  In  addition, 
FASTRAN  assumes  the  crack  shape,  a/c1t  is  constant;  whereas,  AFGROW  allows  the  crack 
shape  to  develop  naturally.  Furthermore,  when  the  part-through  crack  grows  through  the 
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thickness  and  transitions  to  a  through  crack,  FASTRAN  assumes  a  through  crack  with  a  straight 
front  while  AFGROW  uses  the  actual  crack  shape  which  is  a  through  crack  with  an  oblique  or 
part-elliptical  crack  front. 

Using  FASTRAN,  the  EIFS  calculation  is  halted  when  by  visual  examination  the  predicted  and 
measured  crack  growth  histories  show  good  correlation.  Although  this  method  is  acceptable  and 
rational,  it  is  not  repeatable.  In  other  words,  for  a  given  set  of  data  various  analysts  will  determine 
a  different  EIFS  distribution.  On  the  other  hand,  AFGROW  determines  the  EIFS  for  each  data 
point  in  the  crack  growth  history  within  an  analyst  defined  error  tolerance;  thus,  different  analyst 
will  calculate  the  same  EIFS  distribution  if  both  are  using  the  same  error  tolerance. 

No  attempt  is  made  to  determine  which  code  yields  the  most  accurate  predictions;  however,  the 
AFGROW  analyses  use  a  more  complete  K  solution  than  FASTRAN  as  outlined  above. 
Furthermore,  the  AFGROW  analyses  are  repeatable  which  is  a  distinct  advantage. 
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6.  Conclusion 


Four  different  transport  aircraft  fuselage  fiat  panel  skin  joints  were  successfully  fatigue  tested. 
The  four  joint  types  represent  joint  designs  used  in  many  commercial  aircraft  that  are  in-service 
today.  The  joint  configurations  are  two  longitudinal  lap-splice  (type  I  and  II),  one  longitudinal  butt 
splice  (type  III),  and  one  circumferential  butt  splice  (type  IV)  joints.  For  joint  types  l-lll  a  blocked 
programmed  spectrum  was  used  which  adequately  marked  the  fracture  surface  to  aid  in  post  test 
crack  history  reconstruction.  The  type  four  joint  used  an  operational  loading  spectrum 
representative  of  a  transport  aircraft  fuselage  spectrum.  The  type  IV  spectrum  also  adequately 
marked  the  fracture  surface.  Due  to  the  dependence  of  the  EIFS  calculation  on  the  crack  growth 
model  and  all  inputs  to  the  crack  growth  model,  the  EIFS  should  only  be  used  for  geometrically 
similar  structure  subject  to  the  same  or  similar  load  conditions  as  those  used  in  this  study.  The 
conclusions  are  separated  into  two  categories,  testing  and  analysis,  as  listed  below. 

6.1.  Testing 

Critical  Rivet  Row:  The  fatigue  critical  rivet  row(s)  for  joint  type  I  was  row  C,  joint  types  II  and  III 
were  the  outer  rows,  and  joint  type  IV  were  the  inner  most  rows.  The  critical  row  of  the  type  I  and 
IV  joints  was  not  expected.  For  the  former,  the  calculated  stresses  in  Row  C  were  the  same  or 
lower  than  those  in  row  D;  thus  initial  hole  quality  dictated  which  row  was  critical. 

Finite  Width  Effect:  The  finite  width  effect  which  results  in  edge  cracking  in  the  critical  row  of  the 
outer  most  column  of  rivets  was  eliminated  by  one  of  three  methods;  cutting  a  dog-bone  shape  in 
the  skins,  over-sizing  and  -expanding  the  rivets  at  the  specimen  edges,  first  and  last  column  of 
rivets,  or  a  combination  of  these  two  techniques. 

Strain  Surveys:  The  strain  surveys  showed  average  bending  factors,  k  (=abending/^tension).  of  0.34, 
0.27,  0.20,  0.28  for  joint  types  l-IV,  respectively.  The  methods  used  to  eliminate  edge  cracking 
did  not  affect  the  strains  away  from  the  outer  column  of  rivets;  thus  MSD  developed  in  the  joints. 

Fractoqraphv:  The  10-4-6  marker  spectrum  adequately  marked  the  fracture  surface  allowing 
crack  history  reconstruction  to  crack  sizes  as  small  as  20  pm.  The  transport  aircraft  spectrum 
performed  similarly.  On  average,  the  smallest  size  measured  for  a  given  crack  ranged  from 
100  -  500  pm  due  to  hole  and  fracture  surface  damage  during  fatigue  loading  or  final  fracture. 

6.2.  Analysis 

Analysis  Codes:  The  equivalent  initial  flaw  size  using  the  FASTRAN  and  AFGROW  was 
3.6  pm  <  Cj  >  29.2pm  and  3.31  pm  <  q  >  56.43  pm,  respectively.  EIFS  calculations  using 
AFGROW  was  automated  using  the  Component  Object  Model  technology  and  required  no  user 
input  once  the  analysis  was  started. 

Stress  Intensity  Factor  Solutions:  Fractographic  investigations  showed  the  cracks  nucleated  as 
corner  cracks  for  the  most  part;  however,  a  few  surface  cracks  nucleated  on  the  hole  bore  and  on 
the  faying  surface.  The  corner  cracks  were  part-elliptical,  grew  through  the  thickness,  then 
transitioned  to  a  through  crack  with  a  part-elliptical  front.  In  both  AFGROW  and  FASTRAN,  the 
Newman/Raju  solutions  were  used  for  the  corner  crack  phase.  For  the  part-elliptical  through 
crack  phase,  AFGROW  used  the  K  solution  developed  in  reference  20;  whereas,  FASTRAN  used 
the  (straight)  through  crack  at  a  hole  solution  of  Newman.  An  additional  geometric  correction 
factor,  pu  had  to  be  developed  in  order  to  increase  the  correlation  between  predicted  and 
experimental  crack  growth  behavior. 
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Closure  Models:  The  closure  models  of  FASTRAN  and  AFGROW  were  only  used  on  the  type  IV 

20 

joints  since  plasticity  induced  crack  closure  in  the  10-4-6  spectrum  is  negligible.  Both  models 
performed  equally  well  as  expected. 
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7.  Recommendation 


Future  work  is  required  in  several  areas  to  increase  the  correlation  between  predicted  and  actual 
crack  growth  histories  from  the  four  joint  types.  The  most  glaring  need  is  to  use  the  most 
appropriate  K  solution,  that  being  double  corner  cracks  growing  from  a  countersunk  hole  subject 
to  general  loading.  This  work  is  underway  in  a  separate  AFRL/VASM  effort.  Furthermore,  a 
limited  number  of  cracks  nucleated  and  grew  as  surface  cracks  along  the  rivet  hole  bore  or  along 
the  faying  surface  of  the  sheet.  K  solutions  for  these  two  cases  in  a  countersunk  hole  are  also 
needed.  The  residual  stresses  due  to  rivet  installation  have  not  adequately  been  considered 
here.  The  pu  correction  factor  attempts  to  account  for  “all”  unknown  variables  in  the  EIFS 
predictions;  however,  this  parameter  is  only  a  fitting  factor  with  no  physical  basis. 

Reconstructing  the  crack  growth  history  for  small  cracks,  less  than  1 .0  mm,  was  challenging  due 
to  the  severe  damage  to  the  area  near  the  crack  nudeation  site.  Plastic  deformation  of  the  hole 
and  crack  face  contact  are  the  suspected  root  cause.  If  the  panel  were  prohibited  from  failing  by 
fatigue  or  by  static  overload,  the  hole  would  not  have  significant  plastic  deformation.  In  hindsight, 
the  method  used  by  Piascik  in  reference  [17]  should  have  been  use  to  expose  the  fracture 
surfaces.  In  addition,  the  10-4-6  marker  spectrum  worked  best  for  crack  lengths  ranging  from 
0.5  -  4.0  mm.  For  the  shorter  crack  lengths,  the  marker  bands  are  not  very  distinct  indicating  the 
AKeff  needs  to  be  increased  but  care  must  be  taken  not  to  cause  retardation.  For  the  longer  crack 
lengths,  the  marker  bands  look  very  similar  to  the  baseline  cycles,  modifying  the  marker 
sequence  or  relation  between  cycles  at  Smax  and  75%  Smax  is  a  promising  approach.  An 
optimized  marker  spectrum  that  adequately  marks  the  fracture  surface  for  both  short  and  long 
crack  lengths  is  currently  under  development  in  AFRL/VASM. 

A  more  thorough  comparison  of  the  closure  models  in  FASTRAN  and  AFGROW  is  needed. 
Incorporating  the  Newman  closure  model  into  AFGROW  is  the  most  efficient  way  to  conduct  this 
comparison  since  the  Component  Object  Model  capability  in  AFGROW  can  be  exploited.  This 
effort  is  currently  underway  in  AFRL/VASM. 
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Table  1  Crack  Growth  Analysis  Model  Parameters 


Joint 

Type 

Joint 

Number 

Number  of  Rivets 

in  Critical  Row,  n 

Hole 

Diameter,  D 

Baseline  Remote 
Stress,  do 

Bypass 

Stress 

Ratio 

Bending 

Stress 

Ratio 

Bearing 

Stress 

Ratio 

Baseline 

Cycles" 

(Critical  Row) 

mm(in) 

MPa(ksi) 

1 

1 

1.6(0.063) 

4.0(5/32) 

103.4(15.0) 

0.76 

0.38 

2.23 

2000 

1 

2 

15(C) 

0.76 

0.38 

2.23 

2000 

1 

3 

1.6(0.063) 

15(C) 

KM 

20.8(0.81) 

0.43 

0.40 

1.92 

3000 

1 

3 

_ 15(D) _ 

0.76 

0.38 

2.23 

3000 

n 

4 

4.0(5/32) 

38.1(1.50) 

0.76 

2.23 

3000 

n 

5 

Iy-'-V 

0.66 

0.36 

2.09 

N/A* 

n 

6 

mmm 

19(A) 

0.66 

0.36 

2.09 

N/A* 

ii 

7 

1.6(0.063) 

19(A) 

0.66 

0.36 

2.09 

1000 

n 

8 

19(A) 

0.66 

0.36 

2.09 

1000 

in 

9 

13(F) 

4.8(3/16) 

40.6(1.60) 

mmem 

0.87 

0.23 

1.16 

3000 

in 

10 

13(F) 

0.87 

0.23 

1.16 

3000 

in 

11 

2.3(0.090) 

13(F) 

0.87 

0.23 

1.16 

3000 

m 

12 

2.3(0.090) 

_ 13(F) _ 

iimiM 

iWlffiH 

0.87 

0.23 

1.16 

3000 

IV 

13 

0.82 

0.1 8** 

0.74 

N/A** 

IV 

14 

E  E  Bl 

0.82 

0.18*1 

0.74 

N/A** 

IV 

15 

| 

0.82 

0.18** 

0.74 

N/A** 

IV 

16 

2.0(0.080) 

29(D  or  E) 

4.8(3/16) 

19.0(0.75) 

168.2(24.4) 

0.82 

0.18** 

0.74 

N/A** 

Number  of  cycles  at  Smax  separating  marker  cycles  for  1 0-4-6  Marker  Spectrum 

*  130%  Overload  spectrum  was  used. 

**  Transport  Aircraft  Spectrum  Loading 

*  First  32,000  cycles  at  a  remote  stress  of  103.4  MPa  (15  ksi) 

**  Based  on  unpublished  Delft  University/AFRL  neutral  line  model  calculations 
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Table  2  Crack  Locations 


1  Crack  Locations  1 

3C7R 

4C19R 

8A2R 

10F9R 

14E20R 

15E17L 

3C8R 

4C20L 

8A3L 

10F10R 

14E21L 

15E17R 

3C9R 

4C20R 

8A4L 

10F11L 

14E21R 

15E18L 

3C11R 

4C21L 

8A4R 

10F11R 

14E22L 

15E18R 

3C12L 

4C21R 

8A5L 

10F12R 

14E22R 

15E19L 

3C12R 

4C22L 

8A5R 

11F5R 

14E23L 

15E19R 

3C13L 

4C22R 

8A6L 

11F6L 

14E23R 

15E20L 

3C14L 

4C23L 

8A6R 

11F6R 

14E24L 

15E20R 

3C14R 

4C23R 

8A7L 

11F7L 

14E25L 

15E21L 

3C16L 

4C24L 

8A7R 

11F7R 

14E25R 

15E21R 

3C16R 

4C24R 

8A8L 

11F8L 

14E26L 

15E22L 

3C17L 

4C25L 

8A8R 

11F8R 

14E26R 

15E22R 

3C17R 

4C25R 

8A9L 

11F9L 

14E27L 

15E23L 

4A11R 

4C26L 

8A9R 

11F9R 

14E27R 

DC 

co 

CVI 

ai 

m 

4A12L 

7A1L 

8A10L 

1 1  FI  OR 

14E29L 

15E24L 

4A15L 

7A2L 

8A10R 

11F11L 

14E29R 

15E24R 

4A15R 

7A2R 

8A11L 

11F11R 

15E1L 

15E25L 

4C4R 

7A4R 

8A11R 

12A5L 

15E1R 

15E25R 

4C5R 

7A6R 

8A12L 

12A6L 

15E2L 

15E26L 

4C6L 

7A7L 

8A12R 

12A7L 

15E2R 

15E27L 

4C6R 

7A7R 

8A13L 

12A7R 

15E3L 

15E27R 

4C7L 

7A8L 

8A13R 

12A8L 

15E3R 

15E28L 

4C7R 

7A8R 

8A14L 

12A8R 

15E4L 

15E28R 

4C8R 

7A9L 

8A14R 

12A9L 

15E4R 

15E29L 

4C9L 

7A9R 

8A15L 

13E1L 

15E5L 

15E29R 

4C9R 

7A10L 

8A15R 

13E1R 

15E5R 

16E1L 

4C10R 

7A10R 

8A16L 

13E2L 

15E6L 

16E1R 

4C11L 

7A11L 

8A16R 

13E3L 

15E7L 

16E2L 

4C11R 

7A11R 

8A17L 

13E4L 

15E7R 

16E2R 

4C12L 

7A12L 

8A17R 

13E4R 

15E8R 

16E3R 

4C12R 

7A12R 

8A19L 

13E5L 

15E9L 

16E4R 

4C13L 

7A13R 

8A19R 

13E5R 

15E10L 

16E6L 

4C13R 

7A14L 

9A5L 

13E26L 

15E10R 

16E7L 

4C14L 

7A14R 

9A5R 

13E27L 

15E11R 

16E10L 

4C14R 

7A15L 

10F5L 

14D1L 

15E12R 

16E10R 

4C15L 

7A15R 

10F5R 

14D9L 

15E13L 

16E12L 

4C15R 

7A16L 

10F6L 
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4C16R 

7A17R 

10F7L 

14D15R 

15E14R 

16E22L 

4C17L 

7A18L 

10F7R 

14D17L 

15E15L 

16E27L 

4C17R 

7A18R 

10F8L 

14E19L 

15E15R 

16E27R 

4C18R 

7A19R 

10F8R 

14E19R 

15E16L 

16E29L 

4C19L 

8A1L 

10F9L 

14E20L 

15E16R 

16E29R 

28 


Table  3  MicroMeasurements®  Strain  Gage  Type 


EA-1 3-062AQ-350 


EA-1 3-250 AQ-350 


Lot  Number 


R-A55BF00 


R-A55AF00 


Resistance  in 
Ohms  at  20°C 


350.0±0.3% 


350.0±0.3% 


2.145±0.5% 


2.140±0.5% 


Table  4  2024-T3  Clad  Mechanical  Properties 


%  Elongation 


Table  5  EIFS-5  Eddy  Current  and  Travel  Optical  Microscope  Crack  Growth  Data 
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Table  6  EIFS-6  Eddy  Current  and  Travel  Optical  Microscope  Crack  Growth  Data 


Crack  Length,  c2  (mm) 

Cycles 

A15L 

A15R 

A13L 

A13R 

A11L 

A11R 

A10L 

A10R 

A5L 

A5R 

A8L 

A8R 

AML 

AMR 

A7R 

A6L 

A6R 

A17L 

A17R 

A4L 

A4R 

A12L 

A9L 

A9R 

A16L 

A16R 

90000 

0.816 

96000 

0.856 

102000 

0315 

0392 

108000 

1365 

0314 

0528 

114000 

1253 

0585 

0578 

120000 

1264 

0.757 

0.775 

0513 

0.497 

126000 

1277 

0.799 

0322 

0.752 

0575 

0599 

0566 

0.494 

0523 

132000 

1344 

0324 

0323 

0511 

0.774 

0539 

0.707 

0570 

0541 

0.681 

138000 

1.436 

0369 

0390 

0565 

0532 

0387 

0.753 

0.775 

0582 

0.744 

0.798 

0.465 

144000 

1.448 

0336 

0398 

0539 

0539 

0392 

0.783 

0.799 

0519 

0.764 

0.785 

150000 

1535 

1.065 

0.737 

0359 

0336 

0348 

0360 

0303 

0313 

0564 

0590 

156000 

1335 

1224 

1381 

0326 

0326 

1333 

0338 

0326 

0.697 

0334 

0329 

0314 

0580 

0.413 

162000 

1383 

1JL37 

1357 

0313 

0324 

1.067 

0334 

0327 

0  392 

0362 

0324 

0503 

0.435 

0.463 

0518 

168000 

1303 

1261 

1356 

0  368 

0335 

0359 

0384 

0  362 

0336 

0324 

0351 

0384 

0.792 

0.642 

0566 

0.796 

0546 

174000 

1394 

1375 

1377 

0365 

0365 

1156 

0.785 

1316 

0303 

0365 

1365 

0334 

0589 

0.754 

0507 

0.491 

0.758 

0348 

180000 

1361 

1.442 

1230 

1359 

1359 

1202 

0360 

1379 

0373 

0595 

1357 

1382 

1.085 

0547 

0.798 

0.750 

0528 

0.476 

0.767 

0.480 

186000 

1337 

1.741 

1284 

0340 

1394 

1290 

1.042 

1223 

0328 

0.776 

1365 

1377 

1394 

0.776 

0.791 

0.725 

0.725 

0367 

0354 

0.721 

0.668 

192000 

1388 

1306 

1373 

1208 

1183 

1376 

1.067 

1266 

0331 

0313 

1138 

1167 

1202 

0328 

0328 

0.794 

0.763 

0391 

0377 

0516 

0580 

198000 

3  361 

2.163 

1509 

1312 

1368 

1.431 

1211 

1.421 

0397 

0345 

1276 

1.443 

1.463 

0346 

0373 

0352 

0345 

0323 

0361 

1212 

0.762 

0322 

204000 

4301 

2  261 

1502 

1326 

1218 

1.426 

1181 

1550 

1360 

0363 

1224 

1365 

1512 

0377 

0344 

0396 

0374 

0383 

0.468 

1314 

0.681 

0337 

210000 

5359 

2.489 

1357 

1341 

1595 

2148 

1248 

1355 

1X124 

0380 

1.429 

1521 

1.760 

0328 

0357 

0348 

0373 

0380 

0.489 

1289 

0.770 

1320 

216000 

5512 

3  302 

1342 

1341 

1337 

2261 

1339 

2354 

1377 

1326 

1.401 

1546 

1343 

0350 

0390 

0390 

1350 

0376 

0577 

1279 

0339 

1240 

0577 

222000 

6350 

3  581 

1579 

2.413 

1381 

2  515 

1355 

2  328 

1.052 

1340 

1577 

1536 

1.783 

0350 

0333 

0351 

1338 

0356 

0529 

1357 

0.786 

1240 

0529 

228000 

7387 

3  388 

3.404 

2  567 

2  307 

2.743 

1.789 

2337 

1.078 

1153 

1340 

3  386 

3226 

0359 

0382 

0360 

1377 

0395 

0581 

1.739 

0  347 

0.435 

1304 

0.472 

234000 

8299 

4.794 

4261 

3.499 

2  365 

3.423 

2.483 

2  534 

1138 

0.474 

1314 

1337 

4.743 

4234 

1205 

0388 

0384 

1264 

1328 

0.752 

2  216 

0377 

0547 

1581 

0368 

240000 

1WWI 

5583 

5312 

4248 

3.435 

3  354 

2  586 

2.407 

1138 

0.767 

1209 

1386 

5.455 

5596 

1.090 

0553 

1365 

1355 

1207 

1372 

0324 

2  584 

0342 

0304 

1328 

1321 

244547  FiialFsctuiE 


Table  7  Load  Transfer  Parameters 


Joint 

Type 

Baseline  Remote 
Stress,  (T0 

Applied  Load 
per  inch,  Pa 

Critical 
Rivet  Row 

Fastener 
Shear,  Ps 

Average  Fastener 
Load  per  inch,  ps 

Percent  Load 
Transfer,  y 

ksi 

Ib/in 

lb 

Ib/in 

1 

10 

630 

C 

225 

150 

23.8 

1 

10 

630 

D 

121 

149 

23.7 

m 

10 

630 

A 

243 

213.2 

33.8 

HI 

10 

900 

AorF 

184 

115.0 

12.8 

IV 

10 

630 

DorE 

106 

116.0 

18.4 
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Table  8  EIFS  Summary 


Joint  Type 


3C14R 

3C17R 

3D13R 

3D15L 

4C9R 

4C10R 

4C11R 

4C12R 


7A12R 

7A13R 

7A14L 

7A14R 

7A15R 

7A16L 

7A16R 

7A17L 

7A17R 

8A10L 

8A10R 

8A19L 


10F10R 


11F9R 

11F10R 


15E2R 

15E11R 

15E16L 

15E16R 

15E20L 

15E26R 

15E28R 


Bv  Crack  Location 


EIFS  Standard 
Deviation 
Fm 


8.561 

8.216 


151.218 

625.560 

167.476 

426.098 


580.870 

105.458 


0.770 


141.618 

302.542 

199.048 

361.638 

40.583 

359.352 

117.803 


1  Bv  Joint  TvDe 

EIFS 

EIFS  Standard 

Mean 

Deviation 

Fm 

Fm 

7.729 

0.487 

22.410 

11.114 

7.577 

0.765 

301.560 

217.512 

Table  9  EIFS  Summary  Using  Crack  Lengths  to  1.27  mm 


Table  10  EIFS  Comparison:  AFGROW  vs.  FASTRAN 


Crack 

ID 

AFGROW  EIFS 
Mean,  Pm 

FASTRAN  EIFS 
Mean,  Pm 

7A6L 

20.258 

25.146 

7A6R 

32.953 

31.242 

7A7L 

25.189 

20.320 

7A7R 

12.059 

1 1 .938 

7A8L 

7.287 

6.350 

7A12R 

18.789 

20.320 

7A13R 

13.246 

13.970 

7A14L 

61.953 

39.878 
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Figure  1  Air  Force  Research  Laboratory  Wide  Panel  Test  Facility 


Figure  2  Overload  Spectrum 
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Jr* - H 

1  Program  =  5170  Cycles 


Baseline  cycles  varied  between  EIFS  joints,  see  Table  5. 

Figure  3  10-4-6  Marker  Spectrum 


Normalized  ' 
Stress  Level  *«« 


0.722222 


0.611111 


0.333333 


0.111111 


0 
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Figure  4  Joint  Type  IV  Spectrum 


6424 


.063”  Skin  (Layer  #5) 


Figure  6  Joint  Type  1  Configuration 
Longeron  (Layer  #1 ) 


/ 


/  3/16”  Rivet 
/  at  1.14”  apart 


X 


1 


.063”  Skin  (Layer  #3)  063»  Skin  (Layer  #2) 

Figure  7  Joint  Type  II  Configuration 
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Longeron  (Layer  #1)  .125”t 
.071”  Doubler  (Layer  #2) 


7 


.090”  Skin  (Layer  #3)  .071  ”  Doubler  (Layer  #4) 

Figure  8  Joint  Type  III  Configuration 


3/16”  Hi-Lok 
80  apart 

3/16”  Lockbolt 
at  .80”  apart 
3/16”  Rivet 
at  1.60”  apart 


Figure  9  Joint  Type  IV  Configuration 


Figure  10  Strain  Gage  Locations  for  EIFS  Type  I 
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Figure  13  Strain  Gage  Locations  for  EIFS  Type  IV 


Figure  14  Generic  Single  Shear  Lap  Splice  Joint 
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Bonded  Skin 


\ _ Clamping  Pressure 

Bonded  Skin  and  via  C-clamps 

Edge  Blocks 


Bonded,  Dog-boned 
Skin 


Bonded  Skin, 
Oversized,  Heavily 
Expanded  Edge  Rivets 


Bonded,  Dog-boned  Skin 
Oversized,  Heavily 
Expanded  Edge  Rivets 


Figure  15  Methods  of  Reducing  the  Edge  Effect 


Figure  16  E1FS  Type  I  and  II  Edge  Blocks 


Figure  17  Joint  Type  III  with  Dogboned  Skins 


Normalized  Strain,  Tension  (  e/ecenteriine  ) 
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Figure  20  Parameter  Definition  for  Generic  Riveted  Joint 


Rivet  Row  Pitch/Rivet  Diameter  (p/D) 


Figure  21  Effect  of  Rivet  Row  Pitch  on  Bending  Factor,  k 
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Normal  Strain  (p.e) 


.8 

Normalized  Joint  Length  (Y/m) 
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Figure  22 
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Figure  23  EIFS-1  Top  Sheet,  Left  Side  Normal  Strains 


Effect  of  Sheet  Length  on  Bending  Factor,  k 
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Applied  Load  (lbs) 


Figure  24  EIFS-1  Top  Sheet,  Right  Side  Normal  Strains 


Applied  Load  (lbs) 

Figure  25  EIFS-1  Top  Sheet,  Critical  Rivet  Row  Normal  Strains 
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Applied  Load  (lbs) 


Figure  30  EIFS-3  Bottom  Sheet  Normal  Strains 


Applied  Load  (lbs) 


Figure  31  EIFS-4  Top  Sheet  Normal  Strains 
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Normal  Strain  (jus)  S?  Normal  Strain  (jue) 


Normal  Strain  (jig) 


Figure  35  EIFS-5  Top  Sheet  Critical  Rivet  Row  Normal  Strains 


Normal  Strain  (^e) 


Applied  Load  (lbs) 


Figure  36  EIFS-5  Bottom  Sheet  Normal  Strains 


Figure  37  EIFS-6  Top  Sheet  Normal  Strains 


Applied  Load  (lbs) 


Normal  Strain  (jxg) 


Figure  41  EIFS-8  Top  Sheet  Normal  Strains 


Normal  Strain  (|as) 


Figure  43  EIFS-9  Top  Sheet,  Left  Side  Normal  Strains 


0  5000  10000  15000  20000  25000  30000 


Applied  Load  (lbs) 

Figure  44  EIFS-9  Top  Sheet,  Right  Side  Normal  Strains 


Applied  Load  (lbs) 


Figure  45  EIFS-9  Top  Sheet,  Critical  Rivet  Row  Normal  Strains 
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Applied  Load  (lbs) 


Figure  46  EIFS-9  Bottom  Sheet  Normal  Strains 


Figure  47  EIFS-10  Top  Sheet  Normal  Strains 
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Figure  48  EIFS-10  Bottom  Sheet  Normal  Strains 
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Figure  49  EIFS-10  Bottom  Sheet  Normal  Strains  after  Dogbone  Shape  Cut  into  Top  and 
Bottom  Sheets  and  Applied  Load  Adjusted  to  Maintain  Constant  Remote  Tensile  Stress 
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Figure  50  EIFS-11  Top  Sheet  Normal  Strains 
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Figure  51  EIFS-11  Bottom  Sheet  Normal  Strains 
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Figure  52  EIFS-11  Top  Sheet  Normal  Strains  after  Dogbone  and  Load  Adjustment 


Figure  53  EIFS-11  Bottom  Sheet  Normal  Strains  after  Dogbone  and  Load  Adjustment 


Figure  56  EIFS-13  Top  Sheet,  Left  Side  Normal  Strains 


Figure  57  EIFS-13  Top  Sheet,  Right  Side  Normal  Strains 
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Figure  58  EIFS-13  Top  Sheet,  Critical  Rivet  Row  Normal  Strains 


Figure  59  EIFS-13  Bottom  Sheet  Normal  Strains 
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Normal  Strain  (ps)  o>  Normal  Strain  (ps) 


Applied  Load  (lbs) 


EIFS-14  Top  Sheet  Normal  Strains 


Applied  Load  (lbs) 


Figure  61  EIFS-14  Bottom  Sheet  Normal  Strains 


Normal  Strain  (pe) 


Applied  Load  (lbs) 


Figure  63  EIFS-15  Bottom  Sheet  Normal  Strains 
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Figure  65  EIFS-16  Bottom  Sheet  Normal  Strains 
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Figure  68  Strain  Variation  Through  the  Width  of  the  Joint,  EIFS-3 


Figure  69  Strain  Variation  Through  the  Width  of  the  Joint,  EIFS-4 
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Figure  70  Strain  Variation  Through  the  Width  of  the  Joint,  EIFS-5 


2500 


2000 


1 


1500  A 


ts 

*«5 


CZ3 

'cs 


1000 


500  A 


EIFS-6ZB1 18853-501 


— B-  Front  Surface  Above  Joint 
-A- Front  Surface  Below  Joint 
Back  Surface  Above  Joint 
-A-  Back  Surface  Below  Joint 


0.0 


0.1 


0.2 


0.3  0.4  0.5  0.6  0.7 

Normalized  Panel  Width  (x/W) 


Figure  71  Strain  Variation  Through  the  Width  of  the  Joint,  EIFS-6 
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Figure  75  Strain  Variation  Through  the  Width  of  the  Joint,  EIFS-10 
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Figure  76  Strain  Variation  Through  the  Width  of  the  Joint,  EIFS-11 
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Figure  77  Strain  Variation  Through  the  Width  of  the  Joint,  EIFS-12 
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Figure  78  Strain  Variation  Through  the  Width  of  the  Joint,  EIFS-13 
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Figure  79  Strain  Variation  Through  the  Width  of  the  Joint,  EIFS-14 
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Figure  82  2024-T3  Stress-Strain  Curve,  LT-Direction 
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Figure  85  Fracture  Surface  Showing  Hole  Edge  and  Fretting  Damage 
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Figure  86  Fatigue  Striations  from  15E20L,  Low  Magnification 
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Figure  87  Fatigue  Striations  from  15E20L,  High  Magnification 
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Figure  88  EIFS-7  Reconstructed  Crack  Histories 
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Figure  89  EIFS-3  Reconstructed  Crack  Histories 


77 


Figure  92  EIFS-9  Reconstructed  Crack  Histories 
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Figure  93  EIFS-10  Reconstructed  Crack  Histories 
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Figure  98  EIFS-3  Crack  Growth  Rates 


Figure  99  EIFS-4  Crack  Growth  Rates 
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Figure  100  EIFS-7  Crack  Growth  Rates 
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Figure  101  EIFS-8  Crack  Growth  Rates 
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Figure  102  EIFS-9  Crack  Growth  Rates 
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Figure  103  EIFS-10  Crack  Growth  Rates 
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Figure  106  EIFS-5  Crack  Growth  Rates 
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Figure  107  EIFS-6  Crack  Growth  Rates 
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Figure  108  Comparison  of  Small  Crack  Data 
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Figure  110  RPS  Reference  Standard  for  Joint  Type  I  and  li 
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Figure  111  RPS  Reference  Standard  for  Joint  Type  III  and  IV 
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Figure  114  Boeing  Correlation  Factor 


Figure  115  FASTRAN  Fatigue  Life 
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Figure  116  AFGROW  Fatigue  Life  Predictions  for  EIFS-7,  Crack  7A6R 
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Figure  118  Variation  in  EIFS  Standard  Deviation  with  Final  Crack  Length  for  All  Cracks 
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Appendix  A  Test  History 

EIFS-1  (TYPE  0 

Install  panel  in  load  frame  #1 . 

10-4-6  marker  band  spectrum  has  2,000  cycle  spacing. 

Panel  failed  at  101 ,670  cycles  due  to  fretting  nucleated  crack  from  edge  blocks. 

EIFS-2  (TYPE  H 

Install  panel  in  load  frame  #3. 

Edge  crack  found  in  row  C  at  C25 

Panel  width  reduced  to  34.3125”  and  peak  load  adjusted  to  maintain  15ksi  at  136,000  cycles. 
Panel  failed  in  row  B,  was  not  an  edge  crack,  at  209,324  cycles. 

EIFS-3  (TYPE  It 

Install  panel  in  load  frame  #1 . 

10-4-6  marker  band  spectrum  has  3,000  cycle  spacing. 

Maximum  load:  20,790lbs. 

Crack  detected  in  C4  at  80,000  cycles. 

Panel  failed  in  row  C  with  approximate  residual  strength  of  50,400lbs. 

EIFS-4  (TYPE  H 

Install  panel  in  load  frame  #2. 

Maximum  load  is  20,790lbs. 

First  Marker  Band  is  run  at  4033  cycles,  at  intervals  of  3000  afterward. 

Cracks  detected  in  C14,  C24  at  80,000  cycles. 

Pulled  panel  to  failure  at  170,000  cycles.  Rivet  row  C  was  critical 
Approximate  residual  strength:  43,000lbs. 

EIFS-5  (TYPE  111 

Install  panel  in  load  frame  #1 . 

Maximum  load  is  30,631  lbs. 

Cracks  in  A7,  A8,  A1 1  detected  at  30,000  cycles. 

Cracks  at  A5-A18  at  72,000  cycles. 

Panel  failed  in  row  A  at  1 1 9,926  cycles. 

EIFS-6  (TYPE  111 

Install  panel  in  load  frame  #1 . 

Reduce  maximum  load  10%  from  test  plan. 

Crack  detected  in  A15  at  90,000  cycles. 

Panel  failed  in  row  A  at  244,547  cycles. 

EIFS-7  (TYPE  111 

Install  panel  upside-down  in  load  frame  #1  to  check  for  grip  alignment.  Strain  survey  conducted. 
Grip  is  aligned,  panels  are  being  loaded  symmetrically. 

Program  75%  marker  bands  in  a  sequence  of  6, 10,  4  every  1 ,000  cycles. 

Maximum  load  is  20,790lbs. 

Crack  detected  in  A1 1  at  60,000  cycles. 

Panel  failed  in  row  A  at  147,410  cycles. 

EIFS-8  (TYPE  111 

Install  panel  in  load  frame  #3. 

Stress  is  15ksi. 

10-4-6  marker  spectrum  used. 

Pulled  panel  to  failure  at  1 30,000  cycles.  Rivet  row  A  was  critical 
Approximate  residual  strength:  43,000lbs. 
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E1FS-9  (TYPE  lin 

Installed  test  specimen  in  Load  Frame  #4. 

Crack  in  A2  found  at  130,000  cycles. 

Crack  in  FI  found  at  200,000  cycles. 

Broke  a  load  fitting  at  259,601  cycles. 

Removed  specimen  from  frame  and  sliced  ~4”  from  both  sides  of  test  panel  to  remove  the  edge 
cracks.  New  panel  width  is  13.969” 

Install  panel  back  into  load  frame  #4. 

New  maximum  load  is  18,858lbs. 

Edge  crack  detected  in  A1  at  350,000  cycles,  specimen  removed  to  machine  into  dogbone 
configuration. 

Reinstall  dogbone  geometry  panel,  and  set  new  maximum  load  to  14,580lbs. 

Maximum  load  increased  to  16,038  at  430,000  cycles. 

Maximum  load  increased  to  19,800lbs.  at  464,310  cycles  for  20  ksi  remote  stress. 

Panel  failed  at  498,063  cycles. 

EIFS-10  (TYPE  IIP 
Install  panel  in  load  frame  #1 . 

Edge  crack  found  in  B1  at  32,000  cycles. 

Trimmed  edges  off  panel,  B1-E1,  and  B27-E27. 

Modify  to  dog-bone  geometry  with  2”  radius  into  joint  section. 

Drilled  out  and  replaced  A1,  A2,  A12,  A13,  FI,  F2,  F12,  F13  with  AD6  rivets  squeezed  to  1.8D0 
on  the  backside. 

Maximum  load  changed  to  24,21 4lbs.  for  remote  stress  of  17  ksi. 

Maximum  load  changed  to  28,380lbs.  for  correct  joint  stress. 

Panel  failed  in  row  F  at  165,390  cycles. 

EIFS-11  (TYPE  IIP 

Panel  modified  to  hourglass  geometry  and  installed  in  Load  Frame  #3. 

Polished  edges  and  oversize  rivets  installed  in  A1,  A2,  A12,  A13,  FI,  F2,  FI 2,  and  FI 3. 
Maximum  load  set  at  28,380lbs.  for  strain  survey. 

Maximum  load  changed  to  33,000lbs.  to  achieve  joint  stress  of  17  ksi. 

Broke  a  load  fitting  at  123,987  cycles. 

Replace  hydraulic  accumulator  at  129,937  cycles. 

NDI  at  135,000  cycles  indicated  0.050”  cracks  in  F6,  F7. 

Multi-site  cracking  in  row  F  at  145,000  cycles  as  indicated  by  NDI. 

Test  stopped  at  154,827  cycles  and  pulled  to  failure.  Rivet  row  F  was  critical 
Residual  strength:  24.4  ksi. 


EIFS-12  (TYPE  IIP 

Panel  modified  to  hourglass  geometry  and  installed  in  Load  Frame  #3. 

Panel  reinstalled  in  load  frame  #1 . 

Crack  detected  in  A8  at  175,000  cycles. 

Panel  failed  in  row  A  at  approximately  205,001  cycles. 

EIFS-13  (TYPE  IV1 

Panel  modified  to  hourglass  geometry  and  installed  in  Load  Frame  #3. 

Fasteners  A1,  A2,  A14,  A15,  HI,  H2,  H14,  H15  were  removed,  oversized,  and  cold-worked. 
Maximum  load  33,81 8lbs.  Conducted  strain  survey. 

Install  MTS  slope  washers  in  the  load  frame. 

Change  maximum  load  to  30,000lbs.  to  obtain  24.3  ksi  in  joint. 

After  multiple  ‘dumps’,  all  zero  minimum  spectrum  loads  are  changed  to  a  2%  offset  to  allow 
greater  control  at  8568  cycles. 

Test  now  runs  smoothly  at  a  rate  of  35,000lbs.s_1. 
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Panel  failed  in  the  doubler  at  the  skin  splice  at  308,682  cycles.  Rivet  row  F  was  critical. 

Panel  pulled  apart  with  a  residual  strength  of  6,000lbs. 

EIFS-14  (TYPE  IV1 

Panel  modified  to  hourglass  geometry  with  oversize  edge  rivets  and  installed  in  Load  Frame  #1 . 
Fasteners  A1,A2,  A14,  A15,  B1,  B29,  D1,  D29,  El,  E29,  G1,  G29,  HI,  H2,  H14,  H15were 
removed,  oversized,  and  cold-worked. 

Maximum  load  defined  as  30,000lbs.,  with  random  spectrum. 

Remove  panel  at  217,000  cycles  to  remove  an  edge  crack. 

Large  oversize  bolt  installed  in  source  hole  of  the  edge  crack. 

Panel  failed  in  the  doubler  at  the  skin  splice  at  270,681  cycles.  Rivet  row  F  was  critical. 
EIFS-15(TYPE  IV) 

Panel  modified  with  oversize  edge  rivets  and  installed  in  Load  Frame  #1 . 

Fasteners  A1,  A2,  A14,  A15,  B1,  B29,  D1,  D29,  El,  E29,  G1,  G29,  HI,  H2,  H14,  HI 5  were 
removed,  oversized,  and  cold-worked. 

Ran  20  seat  cycles  and  2  strain  survey  cycles  at  30,000lbs. 

Increased  load  to  33,047lbs.  to  achieve  24.4  ksi  in  joint. 

Start  random  spectrum  at  22  cycles. 

Panel  failed  in  the  doubler  at  the  skin  splice  with  218,484  cycles.  Rivet  row  F  was  critical. 
EIFS-16  (TYPE  IV1 

Panel  modified  with  oversize  edge  rivets  and  installed  in  Load  Frame  #4. 

Fasteners  A1,  A2,  A14,  A15,  B1,  B29,  D1,  D29,  El,  E29,  G1,  G29,  HI,  H2,  H14,  H15  were 
removed,  oversized,  and  cold-worked. 

Maximum  load  defined  as  30,000ibs.  for  random  spectrum. 

Panel  failed  in  the  doubler  at  the  skin  splice  at  217,735  cycles.  Rivet  row  F  was  critical. 
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Appendix  B  Test  Article  Dimensions  and  Strain  Gage  Locations 

After  the  strain  survey  for  EIFS-7  was  completed  the  strain  data  was  examined.  The  tension  and 
bending  strains  varied  through  the  width  of  the  specimen.  The  cause  was  not  readilly  apparent; 
thus,  the  specimen  geometry  and  strain  gage  locations  were  measured  to  evaluate  the  overall 
symmetry  of  the  specimen  and  stain  gage  locations.  As  seen  by  the  following  data,  specimen 
and  gage  symmetry  was  lacking  in  all  the  specimens.  In  the  tables  below,  the  top  skin  is  the  skin 
with  countersunk  fasteners.  The  alpha-numeric  measurement  descriptor,  “A1-B1  Measurement” 
for  example  is  the  distance  from  the  center  of  rivet  one  in  row  A  to  the  center  of  rivet  one  in  row 
B.  “S.G”  is  the  Strain  Gage  location  being  measured,  The  “splice  overlap”  is  the  distance  from 
the  bottom  of  the  top  sheet  to  the  top  of  the  bottom  sheet.  Items  left  blank  were  not  measured. 

All  other  information  is  self-explanatory. 

Article  ID:  ZB51 18853-1  #1  (EIFS-1)  Date:  17-NW-97 

Measurements  Taken  By: _ McCann  /  Grommon _ 


Top  Skin  Width  @  Grips 

_ 22.063 

inches 

Top  Skin  Width  @  Splice 

_ 22.000 

inches 

Top  Skin  Length  (Left; 

_ 21232. 

inches 

Top  Skin  Length  (Right; 

_ 23.438 

inches 

Bottom  Skin  Width  @  Grips 

_ 22.063 

inches 

Bottom  Skin  Wdth  @  Splice 

_ 22.031 

inches 

Bottom  Skin  Length  (Left) 

_ 22252 

inches 

Bottom  Skin  Length  (Right) 

_ 23.281 

inches 

Splice  Overlap  (Left) 

_ zsaz 

inches 

Splice  Overlap  (Right) 

_ zm. 

inches 

A1  -  B1  Measurement 

_ 2S31 

inches 

A15  -  B27  Measurement 

_ 2242 

inches 

A1  -  Cl  Measurement 

_ 23222 

inches 

A15  -  C27  Measurement 

_ 1252 

inches 

A1  -  D1  Measurement 

_ 2JSZL 

inches 

A15-D15  Measurement 

_ 2222 

inches 

B1  -  Cl  Measurement 

_ 122Z. 

inches 

B27  -  C27  Measurement 

1.205 

inches 

S.G.#1  Above  A1-A15Line 

_ 2222 

inches 

from  Panel  Center  _ 

_ 2Z12 

inches 

S.G.  #2  Above  A1  -  A15  Line 

0.977 

inches 

from  Panel  Center  _ 

* 

inches 

S.G.  #3  Above  A1  -  A15  Line 

_ 2222 

inches 

from  Panel  Center:  _ 

_ 2Z22 

inches 

S.G.  #4  Above  A1  -  A1 5  Line 

_ 22ZL 

inches 

from  Panel  Center:  _ 

* 

inches 

S.G.  #5  Above  A1  -  A15  Line 

_ 222. 

inches 

from  Panel  Center:  _ 

0.693 

inches 

S.G.  #6  Above  A1  -  A15  Line 

0.977 

inches 

from  Panel  Center  _ 

* 

inches 

S.G.  #7  Above  A1  -  A15  Line 

_ 22ZZ. 

inches 

from  Panel  Center  _ 

0.793 

inches 

S.G.  #8  Above  A1  -  A15  Line 

0.983 

inches 

from  Panel  Center:  _ 

* 

inches 

S.G.  #9  Above  A1-A15  Line 

_ 2282 

inches 

from  Panel  Center:  _ 

_ 2802 

inches 

S.G.  #10  Above  A1  -  A15  Line 

0.993 

inches 

from  Panel  Center  _ 

* 

inches 

S.G.  #1 1  Above  A1  -  A15  Line 

_ 22Z2 

inches 

from  Panel  Center:  _ 

6.768 

inches 

S.G.  #12  Above  A1-A15Une 

0.999 

inches 

from  Panel  Center:  _ 

* 

inches 

S.G.  #13  Above  A1-A15Une 

_ 22Si 

inches 

from  Panel  Center  _ 

_ 8131 

inches 

S.G.  #14  Above  A1  -  A15  Line 

0.120 

inches 

from  Panel  Center  _ 

* 

inches 

S.G.  #15  Above  A1  -  A15  Line 

_ 2252. 

inches 

from  Panel  Center:  _ 

_ 2482. 

inches 

S.G.  #16  Above  A1  -  A15  Line 

Q.111 

inches 

from  Panel  Center  _ 

* 

inches 

S.G.  #17  Above  A1  -  A15  Line 

_ 22Z2 

inches 

from  Panel  Center:  _ 

_ 2281 

inches 

S.G.  #18  Above  A1  -  A15  Line 

0.095 

inches 

from  Panel  Center  _ 

* 

inches 

S.G.  #19  Above  A1  -  A15  Line 

_ 2QZ2 

inches 

from  Panel  Center  _ 

_ 2ZZ4. 

inches 

S.G.  #20  Above  A1-A15Une 

0.105 

inches 

from  Panel  Center:  _ 

* 

inches 

S.G.  #21  Below  D1-D15Une 

_ 222. 

inches 

from  Panel  Center  _ 

_ 2222 

inches 

S.G.  #22  Belcw  D1  -  D15  Line 

_ 1222 

inches 

from  Panel  Center:  _ 

* 

inches 

S.G.  #23  Belcw  D1  -  D15  Line 

_ 222 

inches 

from  Panel  Center:  _ 

_ 2222 

inches 

S.G.  #24  Below  D1-D15Une 

_ 2222 

inches 

from  Panel  Center  _ 

* 

inches 

*  Inaccessable  on  back  of  panel  in  test  fixture. 
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Article  ID:  ZB51 18853-1  #1  fFIFB-21 


20-NOV-97 


Date: 


Measurements  Taken  By: _ McCann  /  Grommon 


Top  Skin  Width  @  Grips:  _ 

22.063 

inches 

Top  Skin  Width  @  Splice:  _ 

22.063 

inches 

Top  Skin  Length  (Left):  _ 

23.375 

inches 

Top  Skin  Length  (Right):  _ 

23.375 

inches 

Bottom  Skin  Width  @  Grips:  _ 

22.031 

inches 

Bottom  Skin  Width  @  Splice:  _ 

22.000 

inches 

Bottom  Skin  Length  (Left):  _ 

23.281 

inches 

Bottom  Skin  Length  (Right):  _ 

23.344 

inches 

Splice  Overlap  (Left):  _ 

2.078 

inches 

Splice  Overlap  (Right):  _ 

_ 2.068 

inches 

A1  -  B1  Measurement:  _ 

0.812 

inches 

A1 5  -  B27  Measurement:  _ 

0.800 

inches 

A1  -  Cl  Measurement:  _ 

_ U25. 

inches 

A15  -  C27  Measurement:  _ 

1.991 

inches 

A1  -  D1  Measurement:  _ 

2.834 

inches 

A1 5  -  D1 5  Measurement:  _ 

2.820 

inches 

B1  -  Cl  Measurement:  _ 

1.205 

inches 

B27  -  C27  Measurement:  _ 

_ 1205. 

inches 

S.G.  #1  Above  A1  -  A15  Line: 

0.995 

inches 

from  Panel  Center:  _ 

6.769 

inches 

S.G.  #2  Above  A1  -  A1 5  Line:  _ 

0.998 

inches 

from  Panel  Center:  _ 

6.773 

inches 

S.G.  #3  Above  A1  -  A1 5  Line: 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #4  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #5  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #6  Above  A1 -A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #7  Above  A1  -  A15  Line: 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #8  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #9  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #1 0  Above  A1  -  A1 5  Line: 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #1 1  Above  A1  -  A15  Line:  _ 

_ !M 

inches 

from  Panel  Center:  _ 

6.691 

inches 

S.G.  #12  Above  A1  -  A1 5  Line:  _ 

_ QJ3ZZ. 

inches 

from  Panel  Center:  _ 

_ &Z12. 

inches 

S.G.  #13  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #14  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #15  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #16  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #1 7  Above  A1  -  A1 5  Line: 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #1 8  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #1 9  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #20  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #21  Below  D1  -  D15  Line:  _ 

_ UJ2Q. 

inches 

from  Panel  Center:  _ 

_ JLZ22. 

inches 

S.G.  #22  Below  D1  -  D15  Line: 

1.046 

inches 

from  Panel  Center:  _ 

6.786 

inches 

S.G.  #23  Below  D1  -  D15  Line:  _ 

_ 12Q8. 

inches 

from  Panel  Center:  _ 

_ SJZ1 

inches 

S.G.  #24  Below  D1  -  D15  Line:  _ 

1016 

inches 

from  Panel  Center:  _ 

6.695 

inches 
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Article  ID:  ZB51 18853-1  #1  fFIFS-3f 


Date:  01 -Dec-97 


Measurements  Taken  By:  _ 

MCCann  /  Grommon 

Top  Skin  Width  @  Grips:  _ 

22.063 

inches 

Top  Skin  Width  @  Splice:  _ 

22.063 

inches 

Top  Skin  Length  (Left):  _ 

23.281 

inches 

Top  Skin  Length  (Right):  _ 

23.313 

inches 

Bottom  Skin  Width  @  Grips:  _ 

22.094 

inches 

Bottom  Skin  Width  @  Splice:  _ 

22.063 

inches 

Bottom  Skin  Length  (Left):  _ 

23.250 

inches 

Bottom  Skin  Length  (Right):  _ 

23.344 

inches 

Splice  Overlap  (Left):  _ 

2.060 

inches 

Splice  Overlap  (Right):  _ 

2.071 

inches 

A1  -  B1  Measurement:  _ 

0.801 

inches 

A15  -  B27  Measurement:  _ 

0.844 

inches 

A1  -  Cl  Measurement:  _ 

_ 12ZSL 

inches 

A1 5  -  C27  Measurement:  _ 

2.026 

inches 

A1  -  D1  Measurement:  _ 

1.817 

inches 

A1 5  -  D1 5  Measurement:  _ 

2.864 

inches 

B1  -  Cl  Measurement:  _ 

_ L2Q2. 

inches 

B27  -  C27  Measurement:  _ 

1.211 

inches 

S.G.  #1  Above  A1  -  A15  Line:  _ 

1.047 

inches 

from  Panel  Center:  _ 

6.801 

inches 

S.G.  #2  Above  A1  -  A1 5  Line:  _ 

1020 

inches 

from  Panel  Center:  _ 

6.788 

inches 

S.G.  #3  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #4  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #5  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #6  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #7  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #8  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #9  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #1 0  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #1 1  Above  A1  -  A15  Line:  _ 

1.024 

inches 

from  Panel  Center:  _ 

6.750 

inches 

S.G.  #12  Above  A1  -  A15  Line:  _ 

1.018 

inches 

from  Panel  Center:  _ 

6.734 

inches 

S.G.  #13  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #14  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #15  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #1 6  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #1 7  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #18  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #1 9  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #20  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #21  Below  D1  -  D15  Line:  _ 

1.024 

inches 

from  Panel  Center:  _ 

6.787 

inches 

S.G.  #22  Below  D1  -  D15  Line:  _ 

0-993 

inches 

from  Panel  Center:  _ 

6.768 

inches 

S.G.  #23  Below  D1  -  D15  Line:  _ 

0.984 

inches 

from  Panel  Center:  _ 

6.764 

inches 

S.G.  #24  Below  D1  -  D15  Line:  _ 

1.009 

inches 

from  Panel  Center:  _ 

_ am 

inches 
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Article  ID:  ZB51 18853-1  #4  fEIFS-4) 


13-Jan-98 


Date: 


Measurements  Taken  By:_ 

McCann  &  Grommon 

Top  Skin  Width  @  Grips:  _ 

22.125 

inches 

Top  Skin  Width  @  Splice:  _ 

22.031 

inches 

Top  Skin  Length  (Left):  _ 

23.313 

inches 

Top  Skin  Length  (Right):  _ 

23.313 

inches 

Bottom  Skin  Width  @  Grips:  _ 

22.125 

inches 

Bottom  Skin  Width  @  Splice:  _ 

22.063 

inches 

Bottom  Skin  Length  (Left):  _ 

23.188 

inches 

Bottom  Skin  Length  (Right):  _ 

23.188 

inches 

Splice  Overlap  (Left):  _ 

2.680 

inches 

Splice  Overlap  (Right):  _ 

2.530 

inches 

A1  -  B1  Measurement:  _ 

0.800 

inches 

A15  -  B27  Measurement:  _ 

_ 0-807 

inches 

A1  -  Cl  Measurement:  _ 

_ LSS3. 

inches 

A1 5  -  C27  Measurement:  _ 

2.005 

inches 

A1  -  D1  Measurement:  _ 

2.804 

inches 

A1 5  -  D1 5  Measurement:  _ 

1.869 

inches 

B1  -  Cl  Measurement:  _ 

1.170 

inches 

B27  -  C27  Measurement:  _ 

1.185 

inches 

S.G.  #1  Above  A1  -  A15  Line:  _ 

1.004 

inches 

from  Panel  Center:  _ 

6.807 

S.G.  #2  Above  A1  -  A1 5  Line:  _ 

0.983 

inches 

from  Panel  Center:  _ 

_ 6-734 

S.G.  #3  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #4  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #5  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #6  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #7  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #8  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #9  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #10  Above  A1-A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #11  Above  A1  -  A15  Line:  _ 

0-977 

inches 

from  Panel  Center:  _ 

6.767 

S.G.  #12  Above  A1  -  A1 5  Line:  _ 

0.989 

inches 

from  Panel  Center:  _ 

6.821 

S.G.  #13  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #14  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #1 5  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #16  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #17  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #18  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #1 9  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #20  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #21  Below  D1  -  D15  Line:  _ 

0.983 

inches 

from  Panel  Center:  _ 

_ fiJUL 

S.G.  #22  Below  D1  -  D15  Line:  _ 

0-983 

inches 

from  Panel  Center:  _ 

6.756 

S.G.  #23  Below  D1  -  D15  Line:  _ 

0.981 

inches 

from  Panel  Center:  _ 

6.761 

S.G.  #24  Below  D1  -  D15  Line:  _ 

1.001 

inches 

from  Panel  Center:  _ 

6.788 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 
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Article  ID:  ZB51 18853-1  #1  fEIFS-51 


Date:  05-Nov-97 


Measurements  Taken  Bv:  Sean  Coahlan 


Top  Panel  Width  @  Grips:  _ 

inches 

Top  Skin  Width  @  Splice:  _ 

inches 

Top  Skin  Length  (Left):  _ 

inches 

Top  Skin  Length  (Right):  _ 

inches 

Bottom  Skin  Width  @  Grips:  _ 

inches 

Bottom  Skin  Width  @  Splice:  _ 

inches 

Bottom  Skin  Length  (Left):  _ 

inches 

Bottom  Skin  Length  (Right):  _ 

inches 

A2  -  C2  Measurement:  _ 

1.669 

inches 

A1  -  Cl  Measurement:  _ 

1.672 

inches 

A18  -  C18  Measurement:  _ 

1.637 

inches 

A19-C1 9  Measurement:  _ 

_ U5Q. 

inches 

S.G.  #1  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #2  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #3  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #4  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #5  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #6  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #7  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #8  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #9  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #10  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #1 1  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #12  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #13  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #14  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #1 5  Above  A1  -  A1 9  Line:  _ 

inches 

S.G.  #16  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #17  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #18  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #1 9  Above  A1  -  A1 9  Line:  _ 

inches 

S.G.  #20  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #21  Below  Cl  -  Cl  9  Line:  _ 

inches 

S.G.  #22  Below  Cl  -  Cl  9  Line:  _ 

inches 

S.G.  #23  Below  Cl  -  C19  Line:  _ 

inches 

S.G.  #24  Below  Cl  -  C19  Line:  _ 

inches 
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Article  ID:  ZB51 18853-1  #1  IEIFS-61 


Date:  05-Nov-97 


Measurements  Taken  Bv:  Sean  Coahlan 


Top  Panel  Width  @  Grips:  _ 

inches 

Top  Skin  Width  @  Splice:  _ 

inches 

Top  Skin  Length  (Left):  _ 

inches 

Top  Skin  Length  (Right):  _ 

inches 

Bottom  Skin  Width  @  Grips:  _ 

inches 

Bottom  Skin  Width  @  Splice:  _ 

inches 

Bottom  Skin  Length  (Left):  _ 

inches 

Bottom  Skin  Length  (Right):  _ 

inches 

A1  -  Cl  Measurement:  _ 

_ LSZ6. 

inches 

A2  -  C2  Measurement:  _ 

1.687 

inches 

A18  -  Cl  8  Measurement:  _ 

1.617 

inches 

A1 9  -  Cl  9  Measurement:  _ 

1.644 

inches 

S.G.  #1  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #2  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #3  Above  A1  -  A1 9  Line:  _ 

inches 

S.G.  #4  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #5  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #6  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #7  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #8  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #9  Above  A1  -  A1 9  Line:  _ 

inches 

S.G.  #1 0  Above  A1  -  A1 9  Line:  _ 

inches 

S.G.  #1 1  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #12  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #1 3  Above  A1  -  A1 9  Line:  _ 

inches 

S.G.  #14  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #15  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #16  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #17  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #18  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #1 9  Above  A1  -  A1 9  Line:  _ 

inches 

S.G.  #20  Above  A1  -  A1 9  Line:  _ 

inches 

S.G.  #21  Below  Cl  -  Cl  9  Line:  _ 

inches 

S.G.  #22  Below  Cl  -  Cl  9  Line:  _ 

1-008 

inches 

S.G.  #23  Below  Cl  -  Cl  9  Line:  _ 

inches 

S.G.  #24  Below  Cl -Cl 9  Line:  _ 

_ 0970 

inches 
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Article  ID:  ZB51 18853-1  #1  fEIFS-71 


Date:  31 -Oct-97 


Measurements  Taken  By: 

Top  Panel  Width  @  Grips: 
Top  Skin  Width  @  Splice: 

Top  Skin  Length  (Left): 
Top  Skin  Length  (Right): 

Bottom  Skin  Width  @  Grips: 
Bottom  Skin  Width  @  Splice: 

Bottom  Skin  Length  (Left): 
Bottom  Skin  Length  (Right): 

A2  -  C2  Measurement: 
A18  -  C18  Measurement: 
S.G.  #1  Above  A1  -  A19  Line: 
S.G.  #2  Above  A1  -A19Line: 
S.G.  #3  Above  A1  -  A19  Line: 
S.G.  #4  Above  A1  -  A19  Line: 
S.G.  #5  Above  A1  -  A19  Line: 
S.G.  #6  Above  A1  -A19Line: 
S.G.  #7  Above  A1  -  A19  Line: 
S.G.  #8  Above  A1  -  A19  Line: 
S.G.  #9  Above  A1  -  A19  Line: 
S.G.  #10  Above  A1  -  A19  Line: 
S.G.  #11  Above  A1  -  A19  Line: 
S.G.  #12  Above  A1  -  A19  Line: 
S.G.  #1 3  Above  A1  -  A1 9  Line: 
S.G.  #14  Above  A1  -  A19  Line: 
S.G.  #15  Above  A1  -  A19  Line: 
S.G.  #16  Above  A1  -  A19  Line: 
S.G.  #17  Above  A1  -A19Line: 
S.G.  #1 8  Above  A1  -  A1 9  Line: 
S.G.  #19  Above  A1  -  A19  Line: 
S.G.  #20  Above  A1  -  A19  Line: 
S.G.  #21  Below  Cl  -  Cl  9  Line: 
S.G.  #22  Below  Cl  -  Cl  9  Line: 
S.G.  #23  Below  Cl  -  Cl  9  Line: 
S.G.  #24  Below  Cl  -  Cl  9  Line: 


Anselmo,  McCann.  Smith 

_  inches 

_  inches 

_  inches 

_  inches 


inches 

inches 

inches 

inches 


1.675  inches 

1.637  inches 

1.010  inches 

1.025  inches 

_  inches 

_  inches 

_  inches 

_  inches 

_  inches 

_  inches 

_  inches 

_  inches 

0.973  inches 

1.011  inches 

_  inches 

_  inches 

_  inches 

_  inches 

_  inches 

_  inches 

_  inches 

_  inches 

0.977  inches 

1.016  inches 

_  inches 

_  inches 
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Article  ID:  ZB51 18853-1  #4  fFIFS-81 


Date:  12-Feb-98 


Measurements  Taken  Bv:  Lanv  Mack.  Jeff  Vannorsdall 


Top  Panel  Width  @  Grips:  _ 

21.934 

inches 

Top  Skin  Width  @  Splice:  _ 

21.973 

inches 

Top  Skin  Length  (Left):  _ 

24.125 

inches 

Top  Skin  Length  (Right):  _ 

24.187 

inches 

Bottom  Skin  Width  @  Grips:  _ 

_ 21-930. 

inches 

Bottom  Skin  Width  @  Splice:  _ 

_ 21.971 

inches 

Bottom  Skin  Length  (Left):  _ 

24.062 

inches 

Bottom  Skin  Length  (Right):  _ 

24.125 

inches 

A2  -  C2  Measurement:  _ 

1-655 

inches 

A1 8  -  Cl  8  Measurement:  _ 

1-653 

inches 

S.G.  #1  Above  A1 -A19  Line:  _ 

0.987 

inches 

S.G.  #2  Above  A1  -  A1 9  Line:  _ 

1.014 

inches 

S.G.  #3  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #4  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #5  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #6  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #7  Above  A1  -  A1 9  Line:  _ 

inches 

S.G.  #8  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #9  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #10  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #1 1  Above  A1  -  A19  Line:  _ 

0.983 

inches 

S.G.  #12  Above  A1  -  A19  Line:  _ 

1.032 

inches 

S.G.  #1 3  Above  A1  -  A1 9  Line:  _ 

inches 

S.G.  #14  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #1 5  Above  A1  -  A1 9  Line:  _ 

inches 

S.G.  #1 6  Above  A1  -  A1 9  Line:  _ 

inches 

S.G.  #17  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #1 8  Above  A1  -  A1 9  Line:  _ 

inches 

S.G.  #19  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #20  Above  A1  -  A19  Line:  _ 

inches 

S.G.  #21  Below  Cl  -  C19  Line:  _ 

0.987 

inches 

26.073 

S.G.  #22  Below  Cl  -  Cl  9  Line:  _ 

1.000 

inches 

26.060 

S.G.  #23  Below  Cl  -  Cl  9  Line:  _ 

_ QM1 

inches 

26.087 

S.G.  #24  Below  Cl  -  C19  Line:  _ 

0986 

inches 

26.074 

103 


Article  ID:  ZB511 8853-503  #1  fEIFS-91 


Date:  14-Jan-98 


Measurements  Taken  By: _ McCann  /  Grommon 


Top  Skin  Width  @  Grips: 

22.063 

inches 

Top  Skin  Width  @  Splice: 

_ 21.875 

inches 

Top  Skin  Length  (Left): 

22.100 

inches 

Top  Skin  Length  (Right): 

22.150 

inches 

Bottom  Skin  Width  @  Grips:  . 

22.063 

inches 

Bottom  Skin  Width  @  Splice: 

22.031 

inches 

Bottom  Skin  Length  (Left): 

22.150 

inches 

Bottom  Skin  Length  (Right): 

22.080 

inches 

Splice  Overlap  (Left): 

inches 

Splice  Overlap  (Right): 

inches 

A1  -  B2  Measurement: 

0.803 

inches 

A1  -  FI  Measurement: 

4.732 

inches 

A1 3  -  B26  Measurement: 

0.779 

inches 

A1 3  -  F 1 3  Measurement: 

4.681 

inches 

A1  -  C2  Measurement: 

1.744 

inches 

A13  -  C26  Measurement:  . 

_ LZ22. 

inches 

A1  -  D2  Measurement: 

2.914 

inches 

A1 3  -  D26  Measurement: 

2.880 

inches 

A1  -  E2  Measurement: 

3.885 

inches 

A1 3  -  E26  Measurement:  . 

_ 1252. 

inches 

S.G.  #1  Above  A1  -  A1 3  Line: 

0.968 

inches 

from  Panel  Center: 

7.275 

inches 

S.G.  #2  Above  A1  -  A13  Line:  . 

1-007 

inches 

from  Panel  Center: 

_ 7250 

inches 

S.G.  #3  Above  A1  -  A13  Line: 

1.007 

inches 

from  Panel  Center: 

4.096 

inches 

S.G.  #4  Above  A1  -A13Line: 

1.003 

inches 

from  Panel  Center: 

2.472 

inches 

S.G.  #5  Above  A1  -A13Line: 

0.994 

inches 

from  Panel  Center: 

2.430 

inches 

S.G.  #6  Above  A1  -A13Line: 

1.003 

inches 

from  Panel  Center: 

2.472 

inches 

S.G.  #7  Above  A1  -  A13  Line: 

1.009 

inches 

from  Panel  Center: 

7.181 

inches 

S.G.  #8  Above  A1  -  A13  Line: 

1.003 

inches 

from  Panel  Center: 

7.218 

inches 

S.G.  #9  Above  A1  -  A13  Line: 

0.127 

inches 

from  Panel  Center: 

2.275 

inches 

S.G.  #10  Above  A1  -  A13  Line: 

0,150 

inches 

from  Panel  Center: 

2.250 

inches 

S.G.  #1 1  Above  A1  -  A13  Line: 

0.121 

inches 

from  Panel  Center:  . 

4.093 

inches 

S.G.  #12  Above  A1  -  A13  Line: 

0.152 

inches 

from  Panel  Center:  . 

4.045 

inches 

S.G.  #13  Above  A1  -  A13  Line: 

0.125 

inches 

from  Panel  Center: 

3.977 

inches 

S.G.  #14  Above  A1  -  A13  Line: 

0.165 

inches 

from  Panel  Center: 

3.986 

inches 

S.G.  #15  Above  A1  -  A13  Line: 

0.125 

inches 

from  Panel  Center: 

7.181 

inches 

S.G.  #16  Above  A1  -  A13  Line: 

0.971 

inches 

from  Panel  Center: 

7.218 

inches 

S.G.  #17  Above  A1  -  A13  Line: 

1.003 

inches 

from  Panel  Center: 

7.308 

inches 

S.G.  #18  Above  FI  -  F13  Line: 

1.003 

inches 

from  Panel  Center: 

7.224 

inches 

S.G.  #19  Above  FI  -  FI  3  Line: 

1.020 

inches 

from  Panel  Center: 

7.235 

inches 

S.G.  #20  Above  FI  -  FI  3  Line: 

inches 

from  Panel  Center: 

7.164 

inches 
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Article  ID:  ZB51 18853-503  #2  fEIFS-101 


02-Mar-98 


Date: 


Measurements  Taken  By: _ Jeff  Vannorsdall  /  Larrv  Mack 


Top  Skin  Width  @  Grips:  . 

22.090 

inches 

Top  Skin  Width  @  Splice:  . 

_ 

inches 

Top  Skin  Length  (Left): 

22.140 

inches 

Top  Skin  Length  (Right):  . 

22.150 

inches 

Bottom  Skin  Width  @  Grips: 

22.025 

inches 

Bottom  Skin  Width  @  Splice:  . 

22.045 

inches 

Bottom  Skin  Length  (Left):  _ 

_ 22.070 

inches 

Bottom  Skin  Length  (Right): 

22.060 

inches 

Splice  Overlap  (Left):  . 

inches 

Splice  Overlap  (Right):  . 

inches 

A1  -  B2  Measurement:  _ 

0.815 

inches 

A1  -  FI  Measurement:  . 

4.730 

inches 

A13  -  B26  Measurement:  . 

_ M25 

inches 

A1 3  -  FI  3  Measurement:  . 

4.792 

inches 

A1  -  C2  Measurement: 

1.777 

inches 

A13  -  C26  Measurement: 

1.820 

inches 

A1  -  D2  Measurement:  _ 

_ 2M± 

inches 

A13  -  D26  Measurement: 

2.923 

inches 

A1  -  E2  Measurement:  . 

3.895 

inches 

A1 3  -  E26  Measurement: 

3.938 

inches 

S.G.  #1  Above  A1  -  A13  Line: 

1.000 

inches 

from  Panel  Center:  . 

7210 

inches 

S.G.  #2  Above  A1  -  A13  Line: 

_ LQil 

inches 

from  Panel  Center:  . 

_ L2SSl 

inches 

S.G.  #3  Above  A1  -  A1 3  Line:  . 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #4  Above  A1  -  A13  Line:  . 

inches 

from  Panel  Center:  . 

inches 

S.G.  #5  Above  A1  -  A13  Line:  . 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #6  Above  A1  -  A13  Line:  _ 

inches 

from  Panel  Center:  . 

inches 

S.G.  #7  Above  A1  -  A13  Line: 

1.000 

inches 

from  Panel  Center: 

7.110 

inches 

S.G.  #8  Above  A1-A13  Line: 

1.011 

inches 

from  Panel  Center:  . 

7.155 

inches 

S.G.  #9  Above  A1  -  A13  Line:  _ 

inches 

from  Panel  Center:  . 

inches 

S.G.  #1 0  Above  A1  -  A1 3  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #1 1  Above  A1  -  A1 3  Line:  . 

inches 

from  Panel  Center:  . 

inches 

S.G.  #12  Above  A1  -  A1 3  Line:  . 

inches 

from  Panel  Center:  . 

inches 

S.G.  #13  Above  A1  -  A13  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #14  Above  A1  -  A13  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #1 5  Above  A1  -  A1 3  Line:  _ 

inches 

from  Panel  Center:  . 

inches 

S.G.  #16  Above  A1  -  A13  Line: 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #17  Above  A1  -  A13  Line: 

0.982 

inches 

from  Panel  Center:  . 

7.210 

inches 

S.G.  #18  Above  FI  -  FI  3  Line:  _ 

1.000 

inches 

from  Panel  Center:  . 

7.233 

inches 

S.G.  #19  Above  FI  -  F13  Line: 

0.984 

inches 

from  Panel  Center: 

7.130 

inches 

S.G.  #20  Above  FI  -  FI  3  Line: 

_.i  .0.0,9— 

inches 

from  Panel  Center: 

7.135 

inches 
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Article  ID:  ZB51 18853-503 #3  (EIFS-1  It 


Date:  02-Mar-98 


Measurements  Taken  By: _ J.  Vannorsdall  /  L.  Mack 


Top  Skin  Width  @  Grips 

22.059 

inches 

Top  Skin  Width  @  Splice 

22.018 

inches 

Top  Skin  Length  (Left) 

22.100 

inches 

Top  Skin  Length  (Right) 

22.130 

inches 

Bottom  Skin  Width  @  Grips 

22.043 

inches 

Bottom  Skin  Width  @  Splice 

22.028 

inches 

Bottom  Skin  Length  (Left) 

22.000 

inches 

Bottom  Skin  Length  (Right) 

_ 22.020 

inches 

Splice  Overlap  (Left) 

inches 

Splice  Overlap  (Right) 

inches 

A1  -  B2  Measurement 

0.800 

inches 

A1  -  FI  Measurement: 

4.723 

inches 

A13  -  B26  Measurement 

0.775 

inches 

A1 3  -  FI  3  Measurement:  . 

4.684 

inches 

A1  -  C2  Measurement 

_ lzaa. 

inches 

A13  -  C26  Measurement 

1.815 

inches 

A1  -  D2  Measurement 

2.944 

inches 

A13  -  D26  Measurement 

2.954 

inches 

A1  -  E2  Measurement 

_ 2,215. 

inches 

A13  -  E26  Measurement 

3.873 

inches 

S.G.  #1  Above  A1  -  A13  Line 

0.995 

inches 

from  Panel  Center:  . 

7.210 

inches 

S.G.  #2  Above  A1  -A13Line 

1.006 

inches 

from  Panel  Center:  . 

7.255 

inches 

S.G.  #3  Above  A1  -A13Line 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #4  Above  A1  -  A13  Line 

inches 

from  Panel  Center:  . 

inches 

S.G.  #5  Above  A1  -  A1 3  Line 

inches 

from  Panel  Center: 

inches 

S.G.  #6  Above  A1  -  A13  Line 

inches 

from  Panel  Center: 

inches 

S.G.  #7  Above  A1  -  A13  Line 

0.995 

inches 

from  Panel  Center:  . 

7.130 

inches 

S.G.  #8  Above  A1  -  A13  Line 

1.021 

inches 

from  Panel  Center:  . 

7.140 

inches 

S.G.  #9  Above  A1  -  A13  Line 

inches 

from  Panel  Center: 

inches 

S.G.  #10  Above  A1  -  A13  Line 

inches 

from  Panel  Center: 

inches 

S.G.  #11  Above  A1  -  A13  Line 

inches 

from  Panel  Center:  . 

inches 

S.G.  #12  Above  A1  -  A13  Line 

inches 

from  Panel  Center:  . 

inches 

S.G.  #13  Above  A1  -A13Line 

inches 

from  Panel  Center:  . 

inches 

S.G.  #14  Above  A1  -A1 3  Line 

inches 

from  Panel  Center:  . 

inches 

S.G.  #15  Above  A1  -  A13  Line 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #16  Above  A1  -  A13  Line 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #17  Above  A1  -  A13  Line 

0.991 

inches 

from  Panel  Center: 

7.220 

inches 

S.G.  #18  Above  FI  -  FI  3  Line 

0.988 

inches 

from  Panel  Center:  _ 

7.185 

inches 

S.G.  #19  Above  FI  -  FI  3  Line 

1.003 

inches 

from  Panel  Center:  . 

7.040 

inches 

S.G.  #20  Above  FI  -  FI  3  Line 

0.971 

inches 

from  Panel  Center: 

7.220 

inches 
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Article  ID:  ZB51 18853-503  #4  (EIFS-121 


Date: 


Measurements  Taken  By:_ 

J 

.  Vannorsdall/L. 

Mack 

Top  Skin  Width  @  Grips:  _ 

22.067 

inches 

Top  Skin  Width  @  Splice:  _ 

22.126 

inches 

Top  Skin  Length  (Left): 

22.060 

inches 

Top  Skin  Length  (Right):  _ 

22.130 

inches 

Bottom  Skin  Width  @  Grips: 

22.083 

inches 

Bottom  Skin  Width  @  Splice: 

22.045 

inches 

Bottom  Skin  Length  (Left):  _ 

22.240 

inches 

Bottom  Skin  Length  (Right):  _ 

22.160 

inches 

Splice  Overlap  (Left):  _ 

inches 

Splice  Overlap  (Right): 

inches 

A1  -  B2  Measurement:  _ 

0.782 

inches 

A1  -  FI  Measurement:  . 

_ M 

A13  -  B26  Measurement:  _ 

0.775 

inches 

A1 3  -  FI  3  Measurement: 

4.696 

A1  -  C2  Measurement: 

1.725 

inches 

A13  -  C26  Measurement:  _ 

1.800 

inches 

A1  -  D2  Measurement:  _ 

_ zm. 

inches 

A13  -  D26  Measurement:  _ 

2.951 

inches 

A1  -  E2  Measurement:  _ 

3.869 

inches 

A13  -  E26  Measurement:  _ 

3.902 

inches 

S.G.  #1  Above  A1  -  A13  Line:  _ 

_ LQ21 

inches 

from  Panel  Center:  . 

7.185 

S.G.  #2  Above  A1  -  A1 3  Line:  _ 

_ LQlfl. 

inches 

from  Panel  Center:  . 

7.210 

S.G.  #3  Above  A1  -  A1 3  Line:  _ 

inches 

from  Panel  Center: 

S.G.  #4  Above  A1  -  A13  Line:  _ 

inches 

from  Panel  Center: 

S.G.  #5  Above  A1  -  A13  Line: 

inches 

from  Panel  Center:  . 

S.G.  #6  Above  A1  -  A13  Line: 

inches 

from  Panel  Center: 

S.G.  #7  Above  A1  -  A1 3  Line: 

0.997 

inches 

from  Panel  Center:  . 

7.210 

S.G.  #8  Above  A1  -  A1 3  Line:  _ 

1.024 

inches 

from  Panel  Center: 

7.220 

S.G.  #9  Above  A1  -  A13  Line: 

inches 

from  Panel  Center: 

S.G.  #1 0  Above  A1  -  A1 3  Line:  _ 

inches 

from  Panel  Center: 

S.G.  #1 1  Above  A1  -  A1 3  Line:  _ 

inches 

from  Panel  Center:  _ 

S.G.  #12  Above  A1  -  A13  Line: 

inches 

from  Panel  Center: 

S.G.  #1 3  Above  A1  -  A1 3  Line:  _ 

inches 

from  Panel  Center:  . 

S.G.  #14  Above  A1  -  A13  Line:  _ 

inches 

from  Panel  Center:  . 

S.G.  #1 5  Above  A1  -  A1 3  Line:  _ 

inches 

from  Panel  Center: 

S.G.  #16  Above  A1  -  A13  Line: 

inches 

from  Panel  Center:  . 

S.G.  #17  Above  A1  -  A13  Line:  _ 

1.004 

inches 

from  Panel  Center: 

7.240 

S.G.  #18  Above  FI  -  F13  Line: 

1.015 

inches 

from  Panel  Center: 

7.130 

S.G.  #19  Above  FI -F13  Line:  _ 

0.996 

inches 

from  Panel  Center:  . 

7.270 

S.G.  #20  Above  FI  -  FI  3  Line: 

1.024 

inches 

from  Panel  Center:  . 

7.140 

01 -Apr-98 


inches 

inches 


inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 

inches 
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Article  ID:  ZB51 18853-505  #1  fEIFS-131 


01 -Apr-98 


Date: 


Measurements  Taken  By: _ JeffVannorsdall 


Top  Skin  Width  @  Grips: 

22.027 

inches 

Top  Skin  Width  @  Splice: 

22.057 

inches 

Top  Skin  Length  (Left): 

22.200 

inches 

Top  Skin  Length  (Right): 

22.140 

inches 

Bottom  Skin  Width  @  Grips: 

22.025 

inches 

Bottom  Skin  Width  @  Splice: 

22.047 

inches 

Bottom  Skin  Length  (Left): 

22.160 

inches 

Bottom  Skin  Length  (Right):  . 

22.200 

inches 

A1  -  B1  Measurement: 

0.855 

inches 

A1  -  FI  Measurement: 

3.714 

inches 

A1 5  -  B29  Measurement: 

0.907 

inches 

A1 5  -  F28  Measurement: 

3.772 

inches 

A1  -  Cl  Measurement: 

1.490 

inches 

A1  -  G1  Measurement:  . 

4.365 

inches 

A15  -  C28  Measurement: 

1.542 

inches 

|A1 5  -  G29  Measurement: 

4.425 

inches 

A1  -  D1  Measurement:  . 

2.102 

inches 

A1  -  HI  Measurement:  . 

5.248 

inches 

A1 5  -  D29  Measurement: 

2.144 

inches 

A1 5  -  H 1 5  Measu  rement: 

5.310 

inches 

A1  -  El  Measurement:  . 

3092 

inches 

A1 5  -  E29  Measurement: 

3.169 

inches 

S.G.  #1  Above  A1  -  A15  Line: 

1.000 

inches 

from  Panel  Center: 

6.800 

inches 

S.G.  #2  Above  A1  -  A15  Line: 

0.982 

inches 

from  Panel  Center:  . 

6.800 

inches 

S.G.  #3  Above  A1 -A1 5  Line: 

1.000 

inches 

from  Panel  Center: 

3.820 

inches 

S.G.  #4  Above  A1  -  A1 5  Line: 

0.965 

inches 

from  Panel  Center: 

3.840 

inches 

S.G.  #5  Above  A1  -  A15  Line: 

1.000 

inches 

from  Panel  Center: 

0.820 

inches 

S.G.  #6  Above  A1  -  A15  Line:  . 

..0,975. 

inches 

from  Panel  Center: 

0.800 

inches 

S.G.  #7  Above  A1  -  A15  Line. 

1.000 

inches 

from  Panel  Center: 

0.700 

inches 

S.G.  #8  Above  A1  -  A15  Line: 

0.990 

inches 

from  Panel  Center: 

0.700 

inches 

S.G.  #9  Above  A1  -  A1 5  Line: 

1.000 

inches 

from  Panel  Center: 

3.640 

inches 

S.G.  #10  Above  A1  -  A15  Line: 

0.964 

inches 

from  Panel  Center: 

3.680 

inches 

S.G.  #11  Above  A1  -  A15  Line:  _ 

i.ooo 

inches 

from  Panel  Center: 

6.640 

inches 

S.G.  #12  Above  A1  -  A15  Line:  _ 

0.971 

inches 

from  Panel  Center: 

6.680 

inches 

S.G.  #13  Above  A1  -  A15  Line: 

■  ■.0.07.5 . 

inches 

from  Panel  Center:  _ 

6.840 

inches 

S.G.  #14  Above  A1  -  A15  Line: 

c/I 

inches 

from  Panel  Center: 

6.800 

inches 

S.G.  #1 5  Above  A1  -  A1 5  Line: 

0.065 

inches 

from  Panel  Center: 

2.340 

inches 

S.G.  #16  Above  A1  -  A15  Line: 

c/I 

inches 

from  Panel  Center: 

2.320 

inches 

S.G.  #17  Above  A1  -  A1 5  Line: 

0.035 

inches 

from  Panel  Center: 

2.260 

inches 

S.G.  #18  Above  A1  -  A15  Line: 

c/I 

inches 

from  Panel  Center: 

2.200 

inches 

S.G.  #19  Above  A1  -  A15  Line: 

0.018 

inches 

from  Panel  Center: 

6.620 

inches 

S.G.  #20  Above  A1  -  A15  Line: 

c/I 

inches 

from  Panel  Center:  _ 

6.700 

inches 

S.G.  #21  Below  HI  -  H15  Line:  _ 

1.000 

inches 

from  Panel  Center: 

6.780 

inches 

S.G.  #22  Below  HI  -  H15  Line:  _ 

0.995 

inches 

from  Panel  Center: 

6.760 

inches 

S.G.  #23  Below  HI  -  H15  Line:  _ 

1.000 

inches 

from  Panel  Center: 

6.700 

inches 

S.G.  #24  Below  HI  -  H15  Line:  _ 

1.000 

inches 

from  Panel  Center: 

6.720 

inches 
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Article  ID:  ZB51 18853-505  #2  fEIFS-141 


09-Apr-98 


Date: 


Measurements  Taken  By:_ 

J. 

Vannorsdall  &  L.  Mack 

Top  Skin  Width  @  Grips: 

22.035 

inches 

Top  Skin  Width  @  Splice: 

22.055 

inches 

Top  Skin  Length  (Left):  _ 

inches 

Top  Skin  Length  (Right): 

inches 

Bottom  Skin  Width  @  Grips:  _ 

22.008 

inches 

Bottom  Skin  Width  @  Splice:  _ 

22.035 

inches 

Bottom  Skin  Length  (Left): 

inches 

Bottom  Skin  Length  (Right): 

inches 

A1  -  B1  Measurement: 

0.870 

inches 

A1  -  FI  Measurement: 

_ 3.735 

inches 

A1 5  -  B29  Measurement: 

_ 0J22. 

inches 

A15  -  F28  Measurement: 

3.717 

inches 

A1  -  Cl  Measurement: 

1.492 

inches 

A1  -  G1  Measurement: 

_ 4J52. 

inches 

A1 5  -  C28  Measurement: 

1.463 

inches 

|A15  -  G29  Measurement: 

4.337 

inches 

A1  -  D1  Measurement:  _ 

_ zm. 

inches 

A1  -  HI  Measurement: 

5.250 

inches 

A15  -  D29  Measurement:  _ 

2.078 

inches 

A15  -  HI  5  Measurement: 

_ 5.182 

inches 

A1  -  El  Measurement:  _ 

3128 

inches 

A15  -  E29  Measurement: 

_ sm 

inches 

S.G.  #1  Above  A1  -  A15  Line: 

_ U2QSL 

inches 

from  Panel  Center: 

_ 6-735 

inches 

S.G.  #2  Above  A1  -  A1 5  Line: 

0.970 

inches 

from  Panel  Center: 

6.700 

inches 

S.G.  #3  Above  A1  -  A15  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #4  Above  A1  -  A1 5  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #5  Above  A1  -  A1 5  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #6  Above  A1  -  A15  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #7  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center: 

inches 

S.G.  #8  Above  A1  -  A15  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #9  Above  A1  -  A1 5  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #1 0  Above  A1  -  A1 5  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #1 1  Above  A1  -  A1 5  Line: 

1.020 

inches 

from  Panel  Center: 

6.760 

inches 

S.G.  #12  Above  A1  -  A15  Line: 

1.039 

inches 

from  Panel  Center: 

6.775 

inches 

S.G.  #13  Above  A1  -  A15  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #14  Above  A1  -  A1 5  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #15  Above  A1  -  A15  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #16  Above  A1  -  A15  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #1 7  Above  A1  -  A1 5  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #1 8  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center: 

inches 

S.G.  #1 9  Above  A1  -  A1 5  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #20  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center: 

inches 

S.G.  #21  Below  HI  -  H15  Line:  _ 

1.000 

inches 

from  Panel  Center: 

6.735 

inches 

S.G.  #22  Below  HI  -  HI 5  Line:  _ 

0.972 

inches 

from  Panel  Center: 

6.700 

inches 

S.G.  #23  Below  HI  -  H15  Line:  _ 

1.000 

inches 

from  Panel  Center:  . 

6.770 

inches 

S.G.  #24  Below  HI  -  H15  Line: 

1000 

inches 

from  Panel  Center: 

6.775 

inches 
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Article  ID:  ZB51 1 8853-505  #3  (EIFS-151 


Date:  09-Apr-98 


Measurements  Taken  By: _ J.  Vannorsdall  &  L.  Mack 


Top  Skin  Width  @  Grips:  _ 

22.035 

inches 

Top  Skin  Width  @  Splice:  _ 

22.055 

inches 

Top  Skin  Length  (Left):  _ 

22.100 

inches 

Top  Skin  Length  (Right):  _ 

22.100 

inches 

Bottom  Skin  Width  @  Grips:  _ 

22.020 

inches 

Bottom  Skin  Width  @  Splice:  _ 

22.006 

inches 

Bottom  Skin  Length  (Left):  _ 

22.240 

inches 

Bottom  Skin  Length  (Right):  _ 

22.300 

inches 

A1  -  B1  Measurement:  _ 

_ QML 

inches 

A1  -  FI  Measurement:  _ 

_ UMl 

inches 

A1 5  -  B29  Measurement:  _ 

_ M25. 

inches 

A1 5  -  F28  Measurement:  _ 

3.775 

inches 

A1  -  Cl  Measurement:  _ 

1.470 

inches 

A1  -  G1  Measurement:  _ 

_ 1222. 

inches 

A1 5  -  C28  Measurement:  _ 

1.546 

inches 

|A1 5  -  G29  Measurement:  _ 

_ 4.400 

inches 

A1  -  D1  Measurement:  _ 

2.095 

inches 

A1  -  HI  Measurement:  _ 

5.217 

inches 

A1 5  -  D29  Measurement:  _ 

2.160 

inches 

A1 5  -  HI  5  Measurement:  _ 

5.230 

inches 

A1  -  El  Measurement:  _ 

3.090 

inches 

A1 5  -  E29  Measurement:  _ 

3.150 

inches 

S.G.  #1  Above  A1 -A1 5  Line:  _ 

0.960 

inches 

from  Panel  Center:  _ 

2.750 

inches 

S.G.  #2  Above  A1  -  A15  Une:  _ 

1.000 

inches 

from  Panel  Center:  _ 

6.720 

inches 

S.G.  #3  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #4  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #5  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #6  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #7  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #8  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #9  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #1 0  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #11  Above  A1  -A1 5  Line:  _ 

0.926 

inches 

from  Panel  Center:  _ 

6.740 

inches 

S.G.  #12  Above  A1  -  A15  Line:  _ 

0.957 

inches 

from  Panel  Center:  _ 

_ SJfl. 

inches 

S.G.  #13  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #14  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #15  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #16  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #1 7  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #1 8  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #19  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #20  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #21  Below  HI  -  H15  Line:  _ 

1019 

inches 

from  Panel  Center:  _ 

6.780 

inches 

S.G.  #22  Below  HI  -  HI  5  Line:  _ 

1.080 

inches 

from  Panel  Center:  _ 

_ 6735 

inches 

S.G.  #23  Below  HI  -  H15  Line:  _ 

1059 

inches 

from  Panel  Center:  _ 

6.750 

inches 

S.G.  #24  Below  HI  -  H15  Une:  _ 

1.021 

inches 

from  Panel  Center:  _ 

6.730 

inches 
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Article  ID:  ZB5 11 8853-505  #4  fEIFS-16) 


Date:  09- Apr-98 


Measurements  Taken  By: _ J.  Vannorsdall 


Top  Skin  Width  @  Grips: 

22.000 

inches 

Top  Skin  Width  @  Splice: 

22.010 

inches 

Top  Skin  Length  (Left):  . 

22.200 

inches 

Top  Skin  Length  (Right):  . 

22.140 

inches 

Bottom  Skin  Width  @  Grips: 

22.029 

inches 

Bottom  Skin  Width  @  Splice:  _ 

22.050 

inches 

Bottom  Skin  Length  (Left): 

22.100 

inches 

Bottom  Skin  Length  (Right): 

22.140 

inches 

A1  -  B1  Measurement:  . 

_ 0J75 

inches 

A1  -  FI  Measurement:  . 

3.750 

inches 

A15  -  B29  Measurement: 

0.860 

inches 

A15  -  F28  Measurement:  . 

3.740 

inches 

A1  -  Cl  Measurement: 

1.500 

inches 

A1  -  G1  Measurement:  . 

4.491 

inches 

A1 5  -  C28  Measurement: 

1.480 

inches 

|A1 5  -  G29  Measurement:  . 

4.385 

inches 

A1  -  D1  Measurement: 

2.150 

inches 

A1  -  HI  Measurement:  . 

_ 5265. 

inches 

A1 5  -  D29  Measurement:  . 

_ 2120 

inches 

A1 5  -  H 1 5  Measurement:  . 

_ 5250 

inches 

A1  -  El  Measurement: 

3.150 

inches 

A15  -  E29  Measurement: 

_ 3.110 

inches 

S.G.  #1  Above  A1  -  A15  Line:  . 

0975 

inches 

from  Panel  Center:  . 

_ 5250. 

inches 

S.G.  #2  Above  A1  -  A15  Line:  _ 

1.000 

inches 

from  Panel  Center:  . 

6.800 

inches 

S.G.  #3  Above  A1  -  A15  Line: 

inches 

from  Panel  Center:  . 

inches 

S.G.  #4  Above  A1  -  A15  Line: 

inches 

from  Panel  Center:  . 

inches 

S.G.  #5  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  . 

inches 

S.G.  #6  Above  A1  -  A15  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #7  Above  A1  -  A15  Line: 

inches 

from  Panel  Center:  . 

inches 

S.G.  #8  Above  A1  -  A15  Line: 

inches 

from  Panel  Center:  . 

inches 

S.G.  #9  Above  A1  -  A1 5  Line: 

inches 

from  Panel  Center: 

inches 

S.G.  #10  Above  A1  -  A15  Line:  . 

inches 

from  Panel  Center: 

inches 

S.G.  #11  Above  A1  -  A15  Line: 

1.038 

inches 

from  Panel  Center:  . 

_ 5200. 

inches 

S.G.  #12  Above  A1  -  A15  Line: 

_ LQQQ. 

inches 

from  Panel  Center:  . 

_ 6250. 

inches 

S.G.  #1 3  Above  A1  -  A1 5  Line: 

inches 

from  Panel  Center:  . 

inches 

S.G.  #14  Above  A1  -  A15  Line: 

inches 

from  Panel  Center:  . 

inches 

S.G.  #1 5  Above  A1  -  A1 5  Line: 

inches 

from  Panel  Center:  . 

inches 

S.G.  #1 6  Above  A1  -  A1 5  Line:  _ 

inches 

from  Panel  Center:  _ 

inches 

S.G.  #17  Above  A1  -  A15  Line: 

inches 

from  Panel  Center:  . 

inches 

S.G.  #18  Above  A1  -  A15  Line: 

inches 

from  Panel  Center:  . 

inches 

S.G.  #19  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  . 

inches 

S.G.  #20  Above  A1  -  A15  Line:  _ 

inches 

from  Panel  Center:  . 

inches 

S.G.  #21  Below  HI  -  H15  Line:  _ 

1.030 

inches 

from  Panel  Center:  _ 

6.780 

inches 

S.G.  #22  Below  HI  -  H15  Line:  _ 

0.970 

inches 

from  Panel  Center:  . 

6.780 

inches 

S.G.  #23  Below  HI  -  H15  Line:  _ 

0.975 

inches 

from  Panel  Center:  . 

6.730 

inches 

S.G.  #24  Below  HI  -  H15  Line: 

1.000 

inches 

from  Panel  Center: 

6.780 

inches 
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Appendix  C  Reconstructed  Crack  History  Data 

The  following  tables  include  all  the  data  obtained  during  the  fractographic  investigation  of  all 
fracture  surfaces  for  which  marker  bands  could  be  detected.  The  p  and  a  symbols  represent  the 
mean  and  standard  deviation  of  the  “y”  coordinate  which  is  the  distance  from  the  faying  surface  to 
the  crack  front  in  the  thickness  direction.  Crack  length  and  “y”  are  in  mm  and  dc^dN  is  mm/cycle. 
The  average  c1  crack  length  is  used  in  calculating  dc^dlM;  however,  raw  Ci  data  is  listed  below. 
The  crack  naming  convention  is  as  follows: 


3C14R 


Hole  Side  (Left  or  Right) 
Hole  Number  (left  to  right) 
Rivet  Row 

EIFS  Specimen  Number 


Groups 

y 

3C14R 

Cycles 

cl 

dcl/dN 

Groups 

y 

3C17R 

Cycles 

cl 

dcl/dN 

10 

0.12 

147660 

0.16 

2.39E-05 

10 

0.16 

116020 

0.34 

1.32E-05 

4 

0.19 

151420 

0.25 

4.07E-05 

6 

0.12 

123320 

0.43 

1.17E-05 

6 

0.11 

154960 

0.40 

6.72E-06 

4 

0.15 

130950 

0.52 

1.36E-05 

10 

0.30 

158830 

0.42 

5.37E-05 

10 

0.12 

138360 

0.62 

9.32E-06 

4 

0.16 

162590 

0.63 

6 

0.16 

145660 

0.69 

9.04E-06 

4 

0.19 

153290 

0.76 

1.19E-05 

F  = 

0.17 

10 

0.16 

160700 

0.85 

1.23E-05 

a  = 

0.07 

6 

0.21 

168000 

0.94 

3.45E-05 

fracture 

0.25 

170000 

1.01 

F  = 

0.17 

<7  = 

0.04 

1 

3D13R 

BBS 

Groups 

y 

Cycles 

cl 

dcl/dN 

Groups 

cl 

dcl/dN 

4 

0.155 

157860 

0.20 

8.23E-06 

10 

0.16 

91810 

0.27 

1.65E-05 

6 

4 

0.23 

95570 

0.33 

2.71  E-05 

10 

0.159 

165270 

0.26 

1.33E-05 

6 

0.26 

99110 

0.43 

2.07E-05 

4 

0.184 

169030 

0.31 

3.09E-06 

10 

0.28 

102980 

0.51 

1.86E-05 

fracture 

170000 

0.32 

4 

0.29 

106740 

0.58 

2.66E-05 

6 

0.26 

110280 

0.67 

2.22E-05 

1  "  = 

0.12 

10 

0.26 

114150 

0.76 

2.69E-05 

|  a  = 

0.08 

4 

0.26 

117910 

0.86 

2.01  E-05 

6 

0.34 

121450 

0.93 

2.95E-05 

10 

0.32 

125320 

1.04 

2.31  E-05 

4 

0.39 

129080 

1.13 

3.53E-05 

6 

0.32 

132620 

1.25 

3.80E-05 

10 

0.31 

136490 

1.40 

3.48E-05 

4 

0.33 

140250 

1.53 

4.41  E-05 

6 

0.37 

143790 

1.69 

4.99E-05 

10 

0.35 

147660 

1.88 

6.25E-05 

4 

0.41 

151420 

2.12 

7.23E-05 

6 

0.42 

154960 

2.37 

5.62E-05 

4 

0.17 

162590 

2.80 

7.09E-05 

10 

0.32 

170000 

3.33 

P  =  0.30 

<y  =  0.07 
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1 

Groups 

y 

3D15L 

Cycles 

cl 

dcl/dN 

10 

0.105 

98290 

0.298 

1.09E-05 

4 

102050 

6 

105590 

10 

0.277 

109460 

0.420 

3.09E-05 

4 

0.194 

113220 

0.536 

1.75E-05 

6 

0.248 

116760 

0.598 

2.04E-05 

10 

0.336 

120630 

0.677 

3.06E-05 

4 

0.238 

124390 

0.792 

2.06E-05 

6 

0.326 

127930 

0.865 

2.33E-05 

10 

0.388 

131800 

0.955 

4.10E-05 

4 

0.255 

135560 

1.109 

1.95E-05 

6 

0.438 

139100 

1.178 

3.80E-05 

10 

0.401 

142970 

1.325 

4.47E-05 

4 

0.402 

146730 

1.493 

3.90E-05 

6 

0.505 

150270 

1.631 

4.60E-05 

10 

0.476 

154140 

1.809 

6.38E-05 

4 

0.413 

157900 

2.049 

7.88E-05 

6 

0.410 

161440 

2.328 

1.04E-04 

10 

0.354 

165310 

2.731 

1.51  E-04 

4 

0.308 

169070 

3.297 

1.73E-04 

fracture 

170000 

3.458 

0.30 

a  = 

0.14 

Groups 

y 

4C9R 

Cycles 

cl 

dcl/dN 

Groups 

y 

4C10R 

Cycles 

cl 

dcl/dN 

4 

0.06 

138250 

0.057 

2.18E-05 

10? 

0.21 

-18,470 

0.249 

2.71 E-0! 

6? 

0.07 

141790 

0.134 

9.56E-06 

4? 

0.15 

-14,710 

0.351 

6.78E-0( 

10 

0.10 

145660 

0.171 

1.97E-05 

6 

0.23 

-11,170 

0.375 

1.55E-0! 

4 

0.17 

149420 

0.245 

1.86E-05 

10 

0.28 

-7,300 

0.435 

2.66E-0! 

6 

0.15 

152960 

0.311 

3.10E-05 

4 

0.24 

-3,540 

0.535 

6.97E-0" 

10 

0.22 

156830 

0.431 

1.89E-05 

fracture 

0.26 

170,000 

0.656 

4 

0.24 

160590 

0.502 

2.94E-05 

6 

0.22 

164130 

0.606 

2.58E-05 

H  = 

0.23 

10 

0.30 

168000 

0.706 

8.40E-05 

cr  = 

0.05 

fracture 

0.37 

170000 

0.874 

H=  0.19 

ff=  0.10 


1 

Groups 

y 

4C11R 

Cycles 

cl 

dcl/dN 

Groups 

y 

4C12R 

Cycles 

cl 

dcl/dN 

10 

0.16 

127020 

0.065 

3.43E-06 

4 

0.16 

145,660 

0.160 

9.89E-06 

10 

0.20 

135190 

0.093 

3.30E-06 

6 

0.24 

149,200 

0.195 

2.71  E-05 

10 

0.23 

143360 

0.120 

1.18E-05 

10 

0.25 

153,070 

0.300 

3.01  E-05 

10 

0.29 

151530 

0.216 

2.39E-06 

4 

0.18 

156,830 

0.413 

1.33E-05 

4 

0.20 

155290 

0.225 

1.50E-05 

6 

0.25 

160,370 

0.460 

3.44E-05 

6 

0.19 

158830 

0.278 

3.44E-05 

10 

0.22 

164,240 

0.593 

1.78E-05 

10 

0.07 

162700 

0.411 

9.57E-06 

4 

0.28 

168,000 

0.660 

2.30E-05 

4 

0.17 

166460 

0.447 

9.60E-06 

fracture 

0.29 

170,000 

0.706 

6  0.16  170000  0.481 


H=  0.23 

H=  0.18  o=  0.04 

0  =  0.06 
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Groups 

y 

7A6L 

Cycles 

cl 

dcl/dN 

Groups 

y 

7A6R 

Cycles 

cl 

dcl/dN 

6 

0.34 

80200 

0.67 

3.21  E-05 

10 

0.23 

28500 

0.09 

2.84E-05 

10 

0.45 

82070 

0.73 

3.33E-05 

4 

0.20 

30260 

0.14 

1.30E-05 

4 

6 

0.22 

31800 

0.16 

2.67E-05 

6 

0.46 

85370 

0.84 

1.60E-05 

10 

0.19 

33670 

0.21 

1.52E-05 

10 

0.43 

87240 

0.87 

1.70E-05 

4 

4 

0.35 

89000 

0.90 

6.49E-06 

6 

0.22 

36970 

0.26 

3.21E-05 

6 

0.26 

90540 

0.91 

1.07E-05 

10 

0.20 

38840 

0.32 

1.52E-05 

10 

0.28 

92410 

0.93 

2.12E-05 

4 

4 

6 

0.24 

42140 

0.37 

2.14E-05 

6 

0.35 

95710 

1.00 

1.07E-05 

10 

0.22 

44010 

0.41 

1.70E-05 

10 

0.58 

97580 

1.02 

4.55E-05 

4 

0.25 

45770 

0.44 

-2.9E-05 

4 

0.71 

99340 

1.10 

3.90E-05 

6 

6 

0.60 

100880 

1.16 

2.67E-05 

10 

0.10 

49180 

0.34 

2.27E-05 

10 

0.70 

102750 

1.21 

5.1  IE-05 

4 

0.05 

50940 

0.38 

1.95E-05 

4 

0.52 

104510 

1.30 

3.90E-05 

6 

0.09 

52480 

0.41 

2.14E-05 

6 

0.32 

106050 

1.36 

4.28E-05 

10 

0.10 

54350 

0.45 

2.27E-05 

10 

0.49 

107920 

1.44 

3.41  E-05 

4 

0.12 

56110 

0.49 

3.25E-05 

4 

0.33 

109680 

1.50 

1.30E-05 

6 

0.05 

57650 

0.54 

1.93E-05 

6 

0.51 

111220 

1.52 

2.67E-05 

10 

10 

0.52 

113090 

1.57 

3.98E-05 

4 

4 

0.45 

114850 

1.64 

3.25E-05 

6 

0.09 

62820 

0.64 

2.14E-05 

6 

0.48 

116390 

1.69 

2.67E-05 

10 

0.10 

64690 

0.68 

1.82E-05 

10 

0.47 

118260 

1.74 

2.84E-05 

4 

4 

0.54 

120020 

1.79 

2.60E-05 

6 

0.09 

67990 

0.74 

1 .60E-05 

6 

0.54 

121560 

1.83 

3.74E-05 

10 

0.11 

69860 

0.77 

1.70E-05 

10 

0.54 

123430 

1.90 

3.41  E-05 

4 

0.10 

71620 

0.80 

3.90E-05 

4 

0.56 

125190 

1.96 

6.49E-05 

6 

0.15 

73160 

0.86 

4.28E-05 

6 

0.23 

126730 

2.06 

3.21  E-05 

10 

0.23 

75030 

0.94 

2.84E-05 

10 

0.28 

128600 

2.12 

3.41  E-05 

4 

0.23 

76790 

0.99 

3.90E-05 

4 

0.37 

130360 

2.18 

3.25E-05 

6 

0.29 

78330 

1.05 

2.14E-05 

6 

0.57 

131900 

2.23 

4.28E-05 

10 

0.09 

80200 

1.09 

2.27E-05 

10 

0.55 

133770 

2.31 

3.98E-05 

4 

0.08 

81960 

1.13 

3.25E-05 

4 

0.58 

135530 

2.38 

5.84E-05 

6 

0.08 

83500 

1.18 

2.14E-05 

6 

0.39 

137070 

2.47 

4.81  E-05 

10 

0.13 

85370 

1.22 

1.82E-05 

10 

0.37 

138940 

2.56 

5.1  IE-05 

4 

4 

0.27 

140700 

2.65 

6.49E-05 

6 

0.18 

88670 

1.28 

2.14E-05 

6 

0.30 

142240 

2.75 

8.56E-05 

10 

0.19 

90540 

1.32 

1.14E-05 

10 

0.19 

144110 

2.91 

5.1  IE-05 

4 

0.25 

92300 

1.34 

1.95E-05 

4 

0.23 

145870 

3.00 

7.79E-05 

6 

0.30 

93840 

1.37 

1.07E-05 

6 

0.27 

147410 

3.12 

10 

0.34 

95710 

1.39 

1.14E-05 

4 

0.38 

97470 

1.41 

2.35E-05 

0.43 

10 

(T  = 

0.14 

4 

6 

0.37 

100880 

1.49 

1.2  IE-05 
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Groups 

y 

7A7L 

Cycles 

cl 

dcl/dN 

Groups 

y 

7A6R  (cont.) 
Cycles 

cl 

dcl/dN 

6 

0.28 

93840 

1.06 

2.15E-05 

10 

0.46 

104180 

1.53 

1 .6E-05 

10 

0.24 

95710 

1.10 

1.82E-05 

4 

0.46 

106050 

1.56 

1 .7E-05 

4 

6 

0.45 

107810 

1.59 

2.6E-05 

6 

0.18 

99010 

1.16 

2.68E-05 

10 

0.54 

109350 

1.63 

2.14E-0! 

10 

0.07 

100880 

1.21 

3.04E-05 

4 

0.53 

111220 

1.67 

1.7E-05 

4 

6 

0.55 

112980 

1.7 

3.25E-0! 

6 

0.28 

104180 

1.31 

3.22E-05 

10 

0.50 

114520 

1.75 

1.6E-05 

10 

0.36 

106050 

1.37 

2.85E-05 

4 

0.48 

116390 

1.78 

3.94E-0! 

4 

0.37 

107810 

1.42 

2.06E-05 

6 

6 

10 

0.41 

119690 

1.91 

1.07E-0! 

10 

0.40 

111220 

1.50 

1.7E-05 

4 

0.47 

121560 

1.93 

4.55E-0; 

4 

0.47 

112980 

1.53 

2.61  E-05 

6 

0.43 

123320 

2.01 

3.9E-05 

6 

0.50 

114520 

1.57 

1.61E-05 

10 

0.36 

124860 

2.07 

3.74E-0! 

10 

0.47 

116390 

1.60 

1.52E-05 

4 

0.30 

126730 

2.14 

2.84E-0! 

4 

6 

0.32 

128490 

2.19 

3.25E-0! 

6 

0.52 

119690 

1.65 

2.68E-05 

10 

0.35 

130030 

2.24 

2.67E-0! 

10 

0.31 

121560 

1.70 

5.70E-06 

4 

0.33 

131900 

2.29 

2.27E-0: 

4 

0.37 

123320 

1.71 

2.61  E-05 

6 

0.36 

133660 

2.33 

4.55E-0! 

6 

0.39 

124860 

1.75 

2.15E-05 

10 

0.35 

135200 

2.4 

4.81E-0: 

10 

0.42 

126730 

1.79 

9.12E-06 

4 

0.30 

137070 

2.49 

4.55E-0! 

4 

0.46 

128490 

1.82 

6 

0.26 

138830 

2.57 

5.19E-0! 

6 

0.37 

130030 

1.82 

2.15E-05 

10 

0.19 

140370 

2.65 

4.81E-0! 

10 

0.40 

131900 

1.86 

2.85E-05 

4 

0.26 

142240 

2.74 

5.1 1E-0! 

4 

0.39 

133660 

1.91 

3.26E-05 

6 

0,24 

144000 

2.83 

3.9E-05 

6 

0.28 

135200 

1.96 

2.68E-05 

10 

0.35 

145540 

2.89 

6.42E-0! 

10 

0.34 

137070 

2.01 

2.85E-05 

4 

0.55 

147410 

3.01 

4 

0.34 

138830 

2.06 

3.26E-05 

6 

0.38 

140370 

2.11 

2.68E-05 

0.27 

10 

0.38 

142240 

2.16 

2.28E-05 

cr  = 

0.14 

4 

0.40 

144000 

2.20 

3.91  E-05 

6 

0.39 

145540 

2.26 

3.76E-05 

10 

0.38 

147410 

2.33 

M-=  0.36 

0.10 
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Groups 

y 

7A7R 

Cycles 

cl 

dcl/dN 

Groups 

y 

7A8L 

Cycles 

cl 

dcl/dN 

4 

0.18 

71730 

0.23 

1.52E-05 

10 

0.54 

126730 

0.38 

2.20E-05 

6 

4 

10 

0.19 

75030 

0.28 

1.60E-05 

6 

0.57 

130360 

0.46 

3.90E-05 

4 

0.25 

76900 

0.31 

2.12E-05 

10 

0.51 

131900 

0.52 

1.65E-05 

6 

4 

10 

0.26 

80200 

0.38 

2.20E-05 

6 

0.46 

135530 

0.58 

2.60E-05 

4 

10 

0.47 

137070 

0.62 

1.65E-05 

6 

0.25 

83830 

0.46 

1.95E-05 

4 

10 

0.22 

85370 

0.49 

2.14E-05 

6 

0.13 

140700 

0.68 

1.95E-05 

4 

0.21 

87240 

0.53 

1.70E-05 

10 

0.18 

142240 

0.71 

1.60E-05 

6 

0.21 

89000 

0.56 

1.95E-05 

4 

0.16 

144110 

0.74 

1.70E-05 

10 

0.21 

90540 

0.59 

1.60E-05 

6 

0.13 

145870 

0.77 

2.60E-05 

4 

0.22 

92410 

0.62 

2.27E-05 

10 

0.08 

147410 

0.81 

6 

0.20 

94170 

0.66 

9.67E-06 

10 

l^  = 

0.32 

4 

a  = 

0.20 

6 

0.21 

99340 

0.71 

1.95E-05 

10 

0.13 

100880 

0.74 

2.14E-05 

4 

0.15 

102750 

0.78 

2.27E-05 

6 

0.13 

104510 

0.82 

3.25E-05 

10 

0.18 

106050 

0.87 

2.14E-05 

4 

R 

0.22 

107920 

0.91 

1.15E-05 

10 

4 


4 

6 

0.21 

114850 

0.99 

1.95E-05 

10 

0.36 

116390 

1.02 

1.93E-05 

4 

6 

0.35 

120020 

1.09 

1.95E-05 

10 

0.35 

121560 

1.12 

5.35E-06 

4 

0.26 

123430 

1.13 

1.14E-05 

6 

0.29 

125190 

1.15 

4.55E-05 

10 

0.32 

126730 

1.22 

1.07E-05 

4 

0.35 

128600 

1.24 

1.70E-05 

6 

0.38 

130360 

1.27 

5.87E-06 

10 

0.39 

131900 

1.29 

4 

0.43 

133770 

1.29 

2.84E-05 

6 

0.42 

135530 

1.34 

1.30E-05 

10 

0.44 

137070 

1.36 

2.67E-05 

4 

0.45 

138940 

1.41 

2.27E-05 

6 

0.38 

140700 

1.45 

-1.30E-05 

10 

0.31 

142240 

1.43 

8.02E-05 

4 

0.33 

144110 

1.58 

2.84E-05 

6 

0.25 

145870 

1.63 

4.55E-05 

10 

0.33 

147410 

1.70 

P  = 

0.28 

a  = 

0.09 

116 


Groups 

y 

7A12R 

Cycles 

cl 

dcl/dN 

Groups 

y 

7A13R 

Cycles 

cl 

dcl/dN 

6 

0.25 

57760 

0.23 

3.41  E-05 

10 

0.03 

57650 

0.18 

2.15E-05 

10 

0.19 

59520 

0.29 

2.68E-05 

4 

0.08 

59520 

0.22 

1.96E-05 

4 

0.22 

61390 

0.34 

1 .95E-05 

6 

0.06 

61060 

0.25 

2.29E-05 

6 

0.24 

62930 

0.37 

2.28E-05 

10 

0.07 

62820 

0.29 

1.08E-05 

10 

0.25 

64690 

0.41 

1.6  IE-05 

4 

0.04 

64690 

0.31 

1 .96E-05 

4 

0.24 

66560 

0.44 

1.95E-05 

6 

0.04 

66230 

0.34 

2.86E-05 

6 

0.24 

68100 

0.47 

1.14E-05 

10 

0.07 

67990 

0.39 

1.61  E-05 

10 

0.24 

69860 

0.49 

1.61  E-05 

4 

0.08 

69860 

0.42 

1.31  E-05 

4 

0.24 

71730 

0.52 

2.60E-05 

6 

0.07 

71400 

0.44 

2.29E-05 

6 

0.20 

73270 

0.56 

1.14E-05 

10 

0.08 

73160 

0.48 

5.84E-06 

10 

0.26 

75030 

0.58 

1.47E-05 

4 

4 

6 

6 

0.25 

78440 

0.63 

1.14E-05 

10 

0.06 

78330 

0.51 

5.38E-06 

10 

0.28 

80200 

0.65 

2.14E-05 

4 

0.08 

80200 

0.52 

1.83E-05 

4 

0.28 

82070 

0.69 

1.95E-05 

6 

6 

0.28 

83610 

0.72 

2.28E-05 

10 

0.13 

83500 

0.58 

1.08E-05 

10 

0.31 

85370 

0.76 

5.35E-06 

4 

0.11 

85370 

0.60 

1.31  E-05 

4 

0.38 

87240 

0.77 

1.95E-05 

6 

0.11 

86910 

0.62 

1.14E-05 

6 

0.40 

88780 

0.80 

2.28E-05 

10 

0.11 

88670 

0.64 

9.73E-06 

10 

0.33 

90540 

0.84 

1.76E-05 

4 

6 

0.34 

93950 

0.90 

2.28E-05 

10 

0.11 

93840 

0.69 

2.69E-05 

10 

0.33 

95710 

0.94 

1.61  E-05 

4 

0.14 

95710 

0.74 

1.96E-05 

4 

0.36 

97580 

0.97 

1.52E-05 

6 

0.14 

97250 

0.78 

2.29E-05 

6 

10 

0.13 

99010 

0.82 

1.61  E-05 

10 

0.40 

100880 

1.02 

2.14E-05 

4 

0.13 

100880 

0.85 

1.53E-05 

4 

0.38 

102750 

1.06 

2.60E-05 

6 

6 

0.38 

104290 

1.10 

5.12E-05 

10 

0.14 

104180 

0.90 

1.18E-05 

10 

0.33 

106050 

1.19 

3.75E-05 

4 

4 

0.28 

107920 

1.26 

1.95E-05 

6 

0.12 

107590 

0.94 

1.14E-05 

6 

0.30 

109460 

1.29 

1.71  E-05 

10 

0.12 

109350 

0.96 

1.08E-05 

10 

0.34 

111220 

1.32 

3.21  E-05 

4 

0.11 

111220 

0.98 

1.96E-05 

4 

0.33 

113090 

1.38 

2.60E-05 

6 

0.12 

112760 

1.01 

1.72E-05 

6 

0.36 

114630 

1.42 

2.84E-05 

10 

0.14 

114520 

1.04 

1.61  E-05 

10 

0.36 

116390 

1.47 

3.75E-05 

4 

0.13 

116390 

1.07 

1.96E-05 

4 

0.33 

118260 

1.54 

2.60E-05 

6 

0.13 

117930 

1.10 

1.72E-05 

6 

0.38 

119800 

1.58 

3.41  E-05 

10 

0.12 

119690 

1.13 

1.61  E-05 

10 

0.43 

121560 

1.64 

1.61  E-05 

4 

0.13 

121560 

1.16 

1 .83E-05 

4 

0.54 

123430 

1.67 

3.25E-05 

6 

6 

0.58 

124970 

1.72 

3.98E-05 

10 

0.13 

124860 

1.22 

2.15E-05 

10 

0.63 

126730 

1.79 

4.82E-05 

4 

0.13 

126730 

1.26 

2.75E-05 

4 

0.64 

128600 

1.88 

5.20E-05 

6 

6 

0.70 

130140 

1.96 

5.12E-05 

10 

0.04 

130030 

1.35 

4.31  E-05 

10 

0.77 

131900 

2.05 

6.43E-05 

4 

0.01 

131900 

1.43 

2.75E-05 

4 

0.80 

133770 

2.17 

3.25E-05 

6 

6 

0.91 

135310 

2.22 

7.96E-05 

10 

0.01 

135200 

1.52 

2.66E-05 

10 

0.97 

137070 

2.36 

-2.14E-05 

4 

4 

0.68 

138940 

2.32 

1.52E-05 

6 

0.05 

138610 

1.61 

3.43E-05 

6 

0.59 

140480 

2.37 

10 

0.07 

140370 

1.67 

3.23E-05 

10 

0.58 

142240 

2.37 

1.66E-04 

4 

0.09 

142240 

1.73 

6.54E-05 

4 

0.66 

144110 

2.68 

1 .56E-04 

6 

0.07 

143780 

1.83 

9.15E-05 

6 

0.65 

145650 

2.92 

2.05E-04 

10 

0.09 

145540 

1.99 

1.18E-04 

10 

0.34 

147410 

3.28 

4 

0.02 

147410 

2.21 

0.42 

v-  = 

0.09 

or  = 

0.19 

a  = 

0.04 
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Groups 

V 

7A14L 

Cycles 

cl 

dcl/dN 

Groups 

y 

7A14R 

Cycles 

cl 

dcl/dN 

4 

0.58 

66560 

0.83 

3.90E-05 

4 

0.07 

40710 

0.12 

6.50E-06 

6 

0.58 

68100 

0.89 

2.84E-05 

6 

0.07 

42250 

0.13 

1.14E-05 

10 

0.75 

69860 

0.94 

1.52E-05 

10 

0.07 

44010 

0.15 

7.1  IE-06 

4 

4 

6 

6 

10 

10 

4 

4 

0.12 

51050 

0.20 

1.30E-05 

6 

0.75 

78440 

1.07 

3.98E-05 

6 

0.12 

52590 

0.22 

1.71  E-05 

10 

0.75 

80200 

1.14 

2.32E-05 

10 

0.17 

54350 

0.25 

1.61  E-05 

4 

4 

0.15 

56220 

0.28 

1.82E-05 

6 

6 

10 

0.80 

85370 

1.26 

1.76E-05 

10 

0.18 

59520 

0.34 

2.35E-05 

4 

4 

6 

0.84 

88780 

1.32 

3.41  E-05 

6 

0.19 

62930 

0.42 

1.7  IE-05 

10 

0.82 

90540 

1.38 

2.05E-05 

10 

0.22 

64690 

0.45 

2.14E-05 

4 

4 

0.2 

66560 

0.49 

1.95E-05 

6 

0.72 

93950 

1.45 

2.27E-05 

6 

0.23 

68100 

0.52 

2.27E-05 

10 

0.72 

95710 

1.49 

3.52E-05 

10 

0.22 

69860 

0.56 

3.23E-05 

4 

4 

6 

0.68 

99120 

1.61 

1.71  E-05 

6 

0.13 

73270 

0.67 

2.27E-05 

10 

0.50 

100880 

1.64 

4.28E-05 

10 

0.16 

75030 

0.71 

1.61  E-05 

4 

0.45 

102750 

1.72 

1.30E-05 

4 

0.15 

76900 

0.74 

3.25E-05 

6 

0.45 

104290 

1.74 

2.27E-05 

6 

0.12 

78440 

0.79 

2.27E-05 

10 

0.47 

106050 

1.78 

1.60E-05 

10 

0.12 

80200 

0.83 

2.68E-05 

4 

0.50 

107920 

1.81 

2.12E-05 

4 

0.1 

82070 

0.88 

2.60E-05 

6 

6 

0.12 

83610 

0.92 

3.41  E-05 

10 

0.60 

111220 

1.88 

2.14E-05 

10 

0.07 

85370 

0.98 

2.05E-05 

4 

0.63 

113090 

1.92 

3.25E-05 

4 

6 

0.61 

114630 

1.97 

3.41  E-05 

6 

0.1 

88780 

1.05 

2.27E-05 

10 

0.64 

116390 

2.03 

2.14E-05 

10 

0.1 

90540 

1.09 

2.14E-05 

4 

0.68 

118260 

2.07 

2.60E-05 

4 

0.12 

92410 

1.13 

2.60E-05 

6 

0.72 

119800 

2.11 

3.98E-05 

6 

0.1 

93950 

1.17 

1.71  E-05 

10 

0.70 

121560 

2.18 

3.21  E-05 

10 

0.12 

95710 

1.20 

3.21  E-05 

4 

0.72 

123430 

2.24 

5.20E-05 

4 

0.11 

97580 

1.26 

3.25E-05 

6 

0.71 

124970 

2.32 

5.12E-05 

6 

0.06 

99120 

1.31 

1.71  E-05 

10 

0.66 

126730 

2.41 

5.35E-05 

10 

0.08 

100880 

1.34 

2.14E-05 

4 

0.59 

128600 

2.51 

1.30E-05 

4 

0.09 

102750 

1.38 

3.25E-05 

6 

0.77 

130140 

2.53 

5.68E-05 

6 

0.09 

104290 

1.43 

2.84E-05 

10 

0.74 

131900 

2.63 

5.88E-05 

10 

0.11 

106050 

1.48 

2.14E-05 

4 

0.69 

133770 

2.74 

1.95E-05 

4 

0.099 

107920 

1.52 

2.60E-05 

6 

0.84 

135310 

2.77 

5.12E-05 

6 

0.12 

109460 

1.56 

2.27E-05 

10 

0.89 

137070 

2.86 

5.88E-05 

10 

0.08 

111220 

1.60 

2.68E-05 

4 

0.90 

138940 

2.97 

9.74E-05 

4 

0.07 

113090 

1.65 

1.95E-05 

6 

0.85 

140480 

3.12 

7.96E-05 

6 

0.07 

114630 

1.68 

2.27E-05 

10 

0.84 

142240 

3.26 

7.49E-05 

10 

0.15 

116390 

1.72 

2.68E-05 

4 

0.84 

144110 

3.40 

1.17E-04 

4 

0.16 

118260 

1.77 

3.25E-05 

6 

0.83 

145650 

3.58 

1.19E-04 

6 

0.22 

119800 

1.82 

2.84E-05 

10 

0.85 

147410 

3.79 

10 

0.24 

121560 

1.87 

2.64E-05 

H  = 

0.70 

6 

0.26 

124970 

1.96 

1.71  E-05 

CT  = 

0.13 

10 

0.3 

126730 

1.99 

4.82E-05 

4 

0.21 

128600 

2.08 

4.55E-05 

6 

0.26 

130140 

2.15 

3.98E-05 

10 

0.26 

131900 

2.22 

3.21  E-05 

4 

0.25 

133770 

2.28 

5.85E-05 

6 

0.2 

135310 

2.37 

3.41  E-05 

10 

0.27 

137070 

2.43 

4.82E-05 

4 

0.27 

138940 

2.52 

5.20E-05 

6 

0.32 

140480 

2.60 

6.82E-05 

10 

0.25 

142240 

2.72 

7.49E-05 

4 

0.28 

144110 

2.86 

1.10E-04 

6 

0.26 

145650 

3.03 

1.14E-04 

10 

0.26 

147410 

3.23 

P  =  0.16 

o=  0.074195 
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Groups 

y 

7A15R 

Cycles 

cl 

dcl/dN 

m 

cl 

dcl/dN 

6 

0.05 

42250 

0.23 

1.7  IE-05 

10 

0.34 

75030 

0.83 

1.16E-05 

10 

0.08 

44010 

0.26 

1.18E-05 

4 

4 

6 

6 

0.11 

47420 

0.30 

2.28E-05 

10 

0.27 

80200 

0.89 

7.74E-06 

10 

0.10 

49180 

0.34 

2.65E-05 

4 

4 

6 

6 

0.04 

52590 

0.43 

-1.14E-05 

10 

0.23 

85370 

0.93 

1.76E-05 

10 

0.05 

54350 

0.41 

1.61E-05 

4 

4 

0.10 

56220 

0.44 

1.95E-05 

6 

0.24 

88780 

0.99 

1.74E-05 

6 

0.08 

57760 

0.47 

1.14E-05 

10 

10 

0.14 

59520 

0.49 

1.61  E-05 

4 

4 

0.12 

61390 

0.52 

1.30E-05 

6 

0.26 

93950 

1.08 

2.84E-05 

6 

0.07 

62930 

0.54 

1.14E-05 

10 

0.20 

95710 

1.13 

2.14E-05 

10 

0.04 

64690 

0.56 

1.61  E-05 

4 

0.22 

97580 

1.17 

1.30E-05 

4 

0.01 

66560 

0.59 

6.52E-06 

6 

0.26 

99120 

1.19 

2.84E-05 

6 

0.03 

68100 

0.60 

1.14E-05 

10 

0.20 

100880 

1.24 

1.47E-05 

10 

0.03 

69860 

0.62 

1.07E-05 

4 

4 

0.02 

71730 

0.64 

1.30E-05 

6 

0.24 

104290 

1.29 

2.27E-05 

6 

0.02 

73270 

0.66 

1.71  E-05 

10 

0.24 

106050 

1.33 

2.64E-05 

10 

0.01 

75030 

0.69 

1.07E-05 

4 

4 

0.01 

76900 

0.71 

9.12E-06 

6 

0.19 

109460 

1.42 

1.14E-05 

6 

10 

0.31 

111220 

1.44 

3.75E-05 

10 

0.03 

80200 

0.74 

8.83E-06 

4 

0.34 

113090 

1.51 

2.60E-05 

4 

6 

0.33 

114630 

1.55 

2.84E-05 

6 

0.04 

83610 

0.77 

1.7  IE-05 

10 

0.19 

116390 

1.60 

3.23E-05 

10 

0.10 

85370 

0.80 

2.15E-05 

4 

4 

0.07 

87240 

0.84 

6.52E-06 

6 

0.08 

119800 

1.71 

2.27E-05 

6 

0.05 

88780 

0.85 

1.14E-05 

10 

0.03 

121560 

1.75 

2.68E-05 

10 

0.02 

90540 

0.87 

1.36E-05 

4 

0.06 

123430 

1.80 

3.25E-05 

4 

6 

0.01 

124970 

1.85 

3.41  E-05 

6 

10 

0.06 

126730 

1.91 

2.68E-05 

10 

0.02 

95710 

0.94 

1.61  E-05 

4 

0.04 

128600 

1.96 

3.25E-05 

4 

0.02 

97580 

0.97 

9.98E-06 

6 

0.11 

130140 

2.01 

3.98E-05 

6 

9.95E-06 

10 

0.08 

131900 

2.08 

2.68E-05 

10 

0.02 

100880 

1.00 

9.71  E-06 

4 

0.13 

133770 

2.13 

3.90E-05 

4 

6 

0.16 

135310 

2.19 

5.69E-05 

6 

10 

0.13 

137070 

2.29 

3.75E-05 

10 

0.05 

106050 

1.05 

2.15E-05 

4 

0.17 

138940 

2.36 

5.85E-05 

4 

0.06 

107920 

1.09 

9.12E-06 

6 

0.11 

140480 

2.45 

6.26E-05 

6 

10 

0.10 

142240 

2.56 

5.35E-05 

10 

A 

0.10 

111220 

1.12 

8.83E-06 

4 

0.10 

144110 

2.66 

6 

0.17 

114630 

1.15 

1.14E-05 

0.18 

10 

4 

0.18 

116390 

1.17 

5.89E-06 

<5  = 

0.10 

6 

0.26 

119800 

1.19 

2.85E-05 

10 

A 

0.25 

121560 

1.24 

1.47E-05 

4 

6 

0.24 

124970 

1.29 

2.28E-05 

10 

0.23 

126730 

1.33 

3.22E-05 

4 

0.26 

128600 

1.39 

3.26E-05 

6 

0.23 

130140 

1.45 

2.28E-05 

10 

0.23 

131900 

1.49 

3.22E-05 

4 

0.24 

133770 

1.55 

3.26E-05 

6 

0.21 

135310 

1.60 

2.85E-05 

10 

A 

0.21 

137070 

1.65 

2.94E-05 

6 

0.27 

140480 

1.75 

5.13E-05 

10 

0.23 

142240 

1.84 

6.44E-05 

4 

0.20 

144110 

1.96 

0.11 

a  = 

0.09 

119 


Groups 

y 

7A16R 

Cycles 

cl 

dcl/dN 

Groups 

y 

7A17L 

Cycles 

cl 

dcl/dN 

6 

0.13 

104290 

0.02 

1.75E-05 

6 

0.11 

78440 

0.32 

1.65E-05 

10 

0.18 

106050 

0.05 

7.93E-06 

10 

4 

4 

0.18 

82070 

0.38 

1.95E-05 

6 

6 

0.18 

83610 

0.41 

1.70E-05 

10 

0.14 

111220 

0.09 

1.64E-05 

10 

0.19 

85370 

0.44 

1.07E-05 

4 

0.15 

113090 

0.12 

1.55E-05 

4 

0.20 

87240 

0.46 

1.95E-05 

6 

6 

0.22 

88780 

0.49 

2.27E-05 

10 

0.07 

116390 

0.17 

1.64E-05 

10 

0.22 

90540 

0.53 

1.60E-05 

4 

0.11 

118260 

0.21 

1.33E-05 

4 

0.22 

92410 

0.56 

1.95E-05 

6 

0.11 

119800 

0.23 

1.75E-05 

6 

0.19 

93950 

0.59 

2.84E-05 

10 

121560 

0.26 

1.10E-05 

10 

0.21 

95710 

0.64 

1.07E-05 

4 

123430 

0.28 

2.00E-05 

4 

0.22 

97580 

0.66 

2.12E-05 

6 

0.01 

124970 

0.31 

1.75E-05 

6 

10 

126730 

0.34 

1.64E-05 

10 

0.20 

100880 

0.73 

1.07E-05 

4 

0.01 

128600 

0.37 

5.33E-05 

4 

0.19 

102750 

0.75 

2.60E-05 

6 

0.03 

130140 

0.45 

1.75E-05 

6 

0.23 

104290 

0.79 

2.84E-05 

10 

0.04 

131900 

0.48 

1.20E-05 

10 

0.12 

106050 

0.84 

1.60E-05 

4 

4 

0.12 

107920 

0.87 

3.25E-05 

6 

0.04 

135310 

0.52 

1.17E-05 

6 

0.12 

109460 

0.92 

2.27E-05 

10 

0.05 

137070 

0.54 

9.02E-06 

10 

0.18 

111220 

0.96 

3.21  E-05 

4 

4 

0.18 

113090 

1.02 

3.25E-05 

6 

0.10 

140480 

0.57 

2.33E-05 

6 

0.16 

114630 

1.07 

3.41  E-05 

10 

0.05 

142240 

0.62 

2.19E-05 

10 

0.23 

116390 

1.13 

3.21  E-05 

4 

0.07 

144110 

0.66 

4 

0.28 

118260 

1.19 

5.20E-05 

6 

0.22 

119800 

1.27 

4.55E-05 

0.07 

10 

0.23 

121560 

1.35 

4.28E-05 

0.06 

4 

0.29 

123430 

1.43 

4.55E-05 

6 

0.35 

124970 

1.50 

5. 11  E-05 

10 

0.35 

126730 

1.59 

4.28E-05 

4 

0.40 

128600 

1.67 

5.84E-05 

6 

0.35 

130140 

1.76 

5.1  IE-05 

10 

0.37 

131900 

1.85 

5.35E-05 

4 

0.43 

133770 

1.95 

7.14E-05 

6 

0.32 

135310 

2.06 

6.25E-05 

10 

0.40 

137070 

2.17 

5.88E-05 

4 

0.33 

138940 

2.28 

7.14E-05 

6 

0.43 

140480 

2.39 

7.39E-05 

10 

0.48 

142240 

2.52 

7. 49  E-05 

4 

0.54 

144110 

2.66 

8.44E-05 

6 

0.52 

145650 

2.79 

8.52E-05 

10 

0.43 

147410 

2.94 

H=  0.27 
o  =  0.12 
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Groups 

y 

7A17R 

Cycles 

cl 

dcl/dN 

Groups 

7A17R  (cont.1 
y  Cycles  cl 

dcl/dN 

10 

0.06 

23,330 

0.14 

2.14E-05 

6 

0.12 

93,950 

1.28 

1.72E-05 

4 

10 

0.12 

95,710 

1.31 

1.62E-05 

6 

4 

0.12 

97,580 

1.34 

2.62E-05 

10 

0.06 

28,500 

0.25 

1.62E-05 

6 

0.15 

99,120 

1.38 

1.15E-05 

4 

0.04 

30,370 

0.28 

1.96E-05 

10 

0.07 

100,880 

1.40 

1.77E-05 

6 

0.02 

31,910 

0.31 

1.15E-05 

4 

10 

0.03 

33,670 

0.33 

2.16E-05 

6 

0.01 

104,290 

1.46 

2.86E-05 

4 

0.02 

35,540 

0.37 

1.53E-05 

10 

0.09 

106,050 

1.51 

2.69E-05 

6 

4 

0.17 

107,920 

1.56 

1.3  IE-05 

10 

0.04 

38,840 

0.42 

2.69E-05 

6 

0.07 

109,460 

1.58 

3.44E-05 

4 

0.01 

40,710 

0.47 

6.54E-06 

10 

0.10 

111,220 

1.64 

2.16E-05 

6 

0.01 

42,250 

0.48 

1.15E-05 

4 

0.17 

113,090 

1.68 

1.96E-05 

10 

0.04 

44,010 

0.50 

8.87E-06 

6 

0.07 

114,630 

1.71 

2.29E-05 

4 

10 

0.06 

116,390 

1.75 

2.16E-05 

6 

0.08 

47,420 

0.53 

2.29E-05 

4 

0.08 

118,260 

1.79 

3.27E-05 

10 

0.10 

49,180 

0.57 

1.62E-05 

6 

0.08 

119,800 

1.84 

3.44E-05 

4 

0.10 

51,050 

0.60 

1.96E-05 

10 

0.08 

121,560 

1.90 

3.77E-05 

6 

0.10 

52,590 

0.63 

1.72E-05 

4 

0.11 

123,430 

1.98 

3.27E-05 

10 

0.10 

54,350 

0.67 

1.08E-05 

6 

0.18 

124,970 

2.03 

4.01  E-05 

4 

0.11 

56,220 

0.69 

1.31  E-05 

10 

0.10 

126,730 

2.10 

3.77E-05 

6 

0.11 

57,760 

0.71 

1.66E-05 

4 

0.10 

128,600 

2.17 

3.93E-05 

10 

6 

130,140 

2.23 

4.58E-05 

4 

10 

131,900 

2.31 

4.31  E-05 

6 

4 

0.02 

133,770 

2.39 

5.24E-05 

10 

6 

0.02 

135,310 

2.47 

4.58E-05 

4 

10 

0.03 

137,070 

2.55 

6.47E-05 

6 

0.19 

68,100 

0.88 

1.72E-05 

4 

0.02 

138,940 

2.67 

6.54E-05 

10 

0.14 

69,860 

0.91 

1.56E-05 

6 

0.01 

140,480 

2.77 

7.44E-05 

4 

10 

0.01 

142,240 

2.90 

7.01  E-05 

6 

4 

0.02 

144,110 

3.03 

10 

0.20 

75,030 

0.99 

1.62E-05 

4 

0.19 

76,900 

1.02 

1.96E-05 

»  = 

0.09 

6 

0.17 

78,440 

1.05 

1.72E-05 

a  = 

0.065145 

10 

0.23 

80,200 

1.08 

1.62E-05 

4 

0.23 

82,070 

1.11 

1.31E-05 

6 

0.20 

83,610 

1.13 

1.72E-05 

10 

0.19 

85,370 

1.16 

1.48E-05 

6 

0.17 

88,780 

1.21 

1.72E-05 

10 

4 

0.15 

90,540 

1.24 

1.18E-05 
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Groups 

V 

8A10L 

Cvcles 

cl 

dcl/dN 

Groups 

V 

8A10R 

Cvcles 

cl 

dcl/dN 

4 

0.206 

65340 

0.292 

5.03E-05 

6 

0.286 

65340 

0.222 

5.78E-05 

6 

0.026 

67210 

0.386 

2.09E-05 

10 

0.232 

67210 

0.33 

2.33E-05 

10 

0.222 

68970 

0.38 

4 

68970 

4 

0.036 

70510 

0.455 

9.88E-06 

6 

0.158 

70510 

0.407 

9.09E-06 

6 

0.154 

72380 

0.448 

10 

0.149 

72380 

0.424 

1.82E-05 

10 

0.255 

74140 

0.441 

4 

74140 

4 

75680 

6 

75680 

6 

77550 

10 

-0.028 

77550 

0.518 

2.44E-05 

10 

0.298 

79310 

0.451 

4 

0.120 

79310 

0.561 

2.14E-05 

4 

80850 

6 

-0.061 

80850 

0.594 

1.20E-05 

6 

82720 

10 

82720 

10 

0.226 

84480 

0.593 

7.14E-06 

4 

84480 

4 

0.230 

86020 

0.604 

6 

0.201 

86020 

0.656 

2.57E-05 

6 

0.345 

87890 

0.555 

10 

0.523 

87890 

0.507 

10 

0.255 

89650 

0.639 

2.46E-05 

4 

89650 

4 

91190 

6 

0.260 

91190 

0.789 

1.50E-05 

6 

0.061 

93060 

0.723 

1.12E-05 

10 

0.313 

93060 

0.817 

1.82E-05 

10 

0.408 

94820 

0.658 

4 

94820 

4 

96360 

6 

0.320 

96360 

0.877 

2.75E-05 

6 

0.091 

98230 

0.781 

1.99E-05 

10 

98230 

10 

0.080 

99990 

0.816 

4.90E-05 

4 

0.226 

99990 

0.977 

5.32E-05 

4 

101530 

6 

0.118 

101530 

1.059 

1.07E-06 

6 
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10 
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0.212 
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6 
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151250 
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100130 

0.255 
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10 
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2.01  E-04 
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107540 

0.330 

1.04E-05 

4 

0.223 

157980 

2.053 

4 

0.113 

111300 

0.369 

1.36E-05 

6 
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114840 

0.417 

7.24E-06 
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0.221 

10 
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4 
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122470 
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6 
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126010 
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10 
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4 
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133640 
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6 
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2.31  E-05 

4 

0.087 

144810 

0.815 

2.46E-05 

6 

0.206 

148350 
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| 10F8R  10F10R 

Groups _ y  Cycles  cl  dcl/dN  Groups  y _ Cycles  cl  dcl/dN 

4  0.135  128350  0.287  1.98E-06  6  0.124  131890  0.517  7.57E-05 

6  0.201  131890  0.294  1.34E-05  10  0.088  135760  0.810  7.99E-05 

10  0.215  135760  0.346  -2.26E-05  4  0.347  139520  1.117 

4  0.344  139520  0.261  6.84E-05  6  0.077  143060  1.393  7.67E-05 

6  0.292  143060  0.503  6.61E-05  10  0.195  146930  1.690  7.63E-05 

10  0.100  146930  0.759  6.94E-05  4  0.213  150690  1.977  8.79E-05 

4  0.323  150690  1.020  7.71  E-05  6  0.181  154230  2.288  9.51  E-05 

6  0.228  154230  1.293  1.00E-04  10  0.125  158100  2.656  5.69E-05 

10  0.207  158100  1.680  9.60E-06  fracture  165390  3.071 

fracture  165390  1.750 

F=  0.169 

IF=  0.227  <i=  0.087 

o=  0.081 
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10 
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fracture 
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10 

0.28 
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4 
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132350 
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4 

0.344 

131350 

1.067 
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6 
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Figure  122  3C12R  Nucleation  Site 
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Figure  124  3C14L 


Figure  125  3C14L  Nucleation  Site 
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Figure  127  3C17R 


Figure  126  3C17R 


Figure  128  3C17R  Nucleation  Site 


Figure  129  3C18L 


Figure  130  3C18L 


Figure  131  3C18R 
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Figure  132  3D11R 


Figure  135  3D12L 


Figure  134  3D11R  Nucleation  Site 
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Figure  137  3D12L  Nucleation  Site 


Figure  136  3D12L 
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Figure  139  3D12R 


Figure  141  3D13R 


Figure  142  3D13R 


Figure  143  3D13R  Nucleation  Site 
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Figure  144  3D14L 


Figure  145  3D15L 
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Figure  146  3D15L 


Figure  147  4A13L 


Figure  148  4C2L 


Figure  149  4C2L  Nucleation  Site 
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Figure  150  4C3L 


Figure  151  4C3L  Nucleation  Site 
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Figure  152  4C3R 


Figure  153  4C3R  Nucleation  Site 
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Figure  156  4C4R 


Figure  157  4C5L 


Figure  158  4C5L  Nucleation  Site 
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Figure  160  4C6L 


Figure  161  4C6R 
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Figure  162  4C6R  Nucleation  Site 
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Figure  164  4C7R 


Figure  165  4C7R  Nucleation  Site 
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Figure  166  4C8L 


Figure  167  4C8R 
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Figure  168  4C8R  Nucleation  Site 


Figure  169  4C9L 


Figure  170  4C9R 


Figure  171  4C10R 
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Figure  172  4C11L 


Figure  173  4C1 1L  Nucleation  Site 
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Figure  1 75  4C1 1 R  Nucleation  Site 


Figure  174  4C11R 


Figure  177  4C12R 


Figure  178  Corrosion  on  4C12R 


Figure  179  Corrosion  on  4C12R 
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Figure  187  7A7L  Marker  Bands 


Figure  186  7A7L  Nucleation  Site 


Figure  189  7A7R  Nucleation  Site 


Figure  188  7A7R 
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Figure  191  7A8L  Nucleation  Site 


Figure  190  7A8L 
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Figure  192  7A10L 


Figure  193  7A10L 
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Figure  194  7A12R 


Figure  195  7A12R  Nucleation  Site,  Macro  View 


Figure  196  7A12R  Nucleation  Site 


Figure  197  7A12R  Marker  Bands 
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Figure  198  7A12R  Marker  Bands 


Figure  201  7A13R  Nucleation  Site,  Macro  View 
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Figure  204  7A13R  Marker  Bands 


Figure  205  7A13R  Marker  Bands 


Figure  207  7A13R  Marker  Bands 


Figure  206  7A13R  Marker  Bands 


Figure  209  7A13R  Marker  Bands 
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Figure  211  7A14L 


Figure  213  7A14L  Marker  Bands 


Figure  215  7A14R  Nucleation  Site 


Figure  214  7A14R 
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Figure  217  7A15R 


Figure  218  7A15R  Nucleation  Site 


Figure  219  7A16L 


Figure  221  7A16R  Nucleation  Site 


Figure  220  7A16R 
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Figure  224  7A17L  Nucleation  Site 


Figure  226  7A17R 


Figure  227  7A17R  Nucleation  Site 
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Figure  228  8A4L 


Figure  229  8A4R 


Figure  230  8A5L 


Figure  231  8A5R 


Figure  232  8A6L 


Figure  233  8A6R 
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Figure  234  8A6R  Close-up 


Figure  235  8A7L 
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Figure  236  8A7R 


Figure  237  8A10L 
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Figure  238  8A10L  Nucleation  Site 
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Figure  240  8A10R  Nucleation  Site 


Figure  239  8A10R 


Figure  242  9A5L  Nucleation  Site 


Figure  241  9A5L 


Figure  244  9A5R  Nucleation  Site 


Figure  243  9A5R 
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Figure  245  10F6R 


Figure  246  10F6R  Nucleation  Site 


Figure  247  10F7R 


Figure  248  10F7R  Nucleation  Site 
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Figure  249  10F8L 


Figure  250  10F8L  Nucleation  Site 
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Figure  251  10F8R 


Figure  252  10F8R 
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Figure  254  10F10R  Nucleation  Site 


Figure  253  10F10R 
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Figure  256  1 1 F6L  Nucleation  Site 
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Figure  257  1 1 F6R 


Figure  258  1 1 F6R  Nucleation  Site 
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Figure  259  11F7L 


Figure  260  1 1 F7L  Nucleation  Site 
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Figure  261  11F7R 


Figure  262  1 1 F7R  Nucleation  Site 
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Figure  263  11F8L 


Figure  264  1 1 F8L  Nucleation  Site 


Figure  265  1 1 F8R 


Figure  266  11F8R  Nucleation  Site 


Figure  267  11F9R 


Figure  268  1 1 F9R  Nucleation  Site 
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Figure  269  11  FI  OR 


Figure  270  1 1  FI  OR  Nucleation  Site 
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Figure  272  15E2R  Nucleation  Site 


Figure  274  1 5E1 1 R  Nucleation  Site 


Figure  273  15E11R 


Figure  275  15E16L 


Figure  276  15E16L  Nucleation  Site 
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Figure  277  15E16R 
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Figure  279  15E20L 


Figure  280  15E20L  Nucleation  Site 


Figure  281  15E28R 


Figure  282  15E28R  Nucleation  Site 
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Figure  290  5  Minute  2%  MicroClean™,  Sonicate  Figure  291  25  Minute  2%  MicroClean™,  Sonicate 


Figure  295  25  Minute  2%  MicroClean™,  Sonicate 
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Appendix  E  Rotating  Seif-Nulling  Eddy  Current  Probe  System 
Data 

In  the  tables  that  follow,  the  rivet  row  designation  is  in  accordance  with  Appendix  C.  Eddy  current 
equipment  calibration  standards  were  used  to  establish  the  sensitivity  level  for  the  inspection  of 
the  different  panel  configurations.  Electrical  discharge  machined  notches;  0.030,  0.040,  0.050, 
and  0.075  in.  in  length  are  machined  into  the  2024-T3  skins,  which  are  0.063”  (standard  A)  and 
0.084”  (standard  B). 


1 - 

EIFS-4ZB1 18853-1 

Row  A 

RowC 

Row  D 

Standard 

150,000 

A15-19 

C9-20 

Cl  3-53 

Cl  4-73 

Cl  5-29 

Cl  6-55 

Cl  7-49 

Cl  9-63 
C20-27 
C21-60 
C22-29 
C23-34 
C24-82 
C25-30 

D11-18 

A 

B 

.050-42 

.075-140 

.050-43 

.075-34 

160,000 

A15-51 

C9-28 

Cl  3-48 

Cl  4-64 

Cl  5-32 

Cl  6-53 

Cl  7-46 

Cl  9-63 
C20-25 
C21-61 
C22-32 
C23-41 
C24-78 
C25-28 

D11-19 

A 

B 

.050-41 

.075-131 

.050-58 

.075-39 

170,000 

A15-142 

C9-22 

Cl  3-59 

Cl  4-67 

Cl  5-42 

Cl  6-58 

Cl  7-48 

Cl  9-65 
C20-26 
C21-67 
C22-44 
C23-48 
C24-81 
C25-22 

Dll -19 

A 

B 

.050-43 

.075-127 

.050-57 

.075-35 

1 

EIFS-4ZB1 18853-1 

Row  A 

RowC 

RowD 

60,000 

No  Cracks 

C  24-31 

No  Cracks 

.05044 
.075129 
.050  65 
.075  33 

80,000 

No  Cracks 

C  14-25 

C  24-41 

No  Cracks 

1 

.050-39 

.075-121 

.050-63 

.075-32 

90,000 

C8-17 

Cl  4-30 

Cl  7-23 
C24-42 

No  Cracks 

A 

B 

H 

100,000 

No  Cracks 

Cl  3-21 

Cl  4-35 

Cl  7-20 
C21-23 
C24-43 

No  Cracks 

n 

.050-45 

.075-122 

.050-65 

.075-38 

110,000 

No  Cracks 

Cl  3-27 
C14-41 

Cl  7-24 

Cl  9-20 
C20-18 
C21-25 
C24-52 

No  Cracks 

1 

.050-39 

.075-124 

.050-53 

.075-31 

120,000 

No  Cracks 

Cl  3-40 

Cl  4-58 

Cl  6-1 7 

Cl  7-32 

Cl  8-1 9 

Cl  9-37 
C20-26 
C21-47 
C22-18 
C23-17 
C24-75 

No  Cracks 

A 

B 

.050-46 

.075-144 

.050-56 

.075-33 

130,000 

No  Cracks 

Cl  3-40 

Cl  4-58 

Cl  6-28 

Cl  7-34 

Cl  8-1 8 

Cl  9-52 
C20-22 
C21-52 
C22-24 
C23-20 
C24-71 
C25-18 

No  Cracks 

A 

B 

.050-50 

.075-128 

.050-47 

.075-43 

140,000 

No  Cracks 

C9-17 

Cl  3-52 

Cl  4-65 

Cl  5-22 

Cl  6-38 

Cl  7-41 

Cl  9-52 
C20-25 
C21-52 
C22-28 
C23-37 
C24-79 
C25-22 

D11-19 

A 

B 

.050-44 

.075-143 

.050-45 

.075-40 
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250,000  |A2=320  |F1=16  |A2=46.1  |F13=1.8  No  Cracksj No  Crack 


162 


EIFS-10ZB1 18853-503 


1  st  Row  "A"  1  st  Row  "F"  2nd  Row  "A"  2nd  Row  "F"  Row  "B" 


32,000  No  Cracks  No  Cracks  No  Cracks  No  Cracks  No  Cracks  No  Cracks 


42,000 


62,000 


A1=10 
A2=41  C 
A12=20  C 
A13=8 


A1=14 
A2=53  C 
A12=21  C 
A13=13 


82,000  A1=11 
A2=40 
A12=21 
A13=10 


92,000 


112,000  A1=8 

A2=48  C 
A12=18  C 
A13=7 


122,000  A1=10 
A2=38 
A12=24 
A13=6 


142,000  A1=8 
A2=37 
A12=19 
A13=9 


162,000  A1=10 
A2=40 
A12=21 
A13=8 


F1=31C 
F2=16  C 
FI  2=7 
FI 3=32  C 
F3=5 
F1 1=5 


F1=24  C 
F2=46  C 
FI 2=30  C 
FI 3=25  C 


F1=24  C 
F2=48  C 
FI 2=33  C 
FI 3=34  C 


F1=20  C 
F2=42  C 
FI 2=31  C 
FI 3=34  C 


FI 2=27 
FI 3=33 


F1=26  C 
F2=38  C 
FI 2=26  C 
FI 3=30  C 


F1=26  C 
F2=38 C 
FI 2=29  C 
F13=31  C 


FI  =22 
F2=41 
FI 2=26 
FI 3=25 


FI  =25 
F2=39 
FI 2=32 
FI 3=32 


FI  =20 
F2=38 
FI 2=28 
FI 3=25 


A1=1.7C 
A2=1 .6  C 
A12=1.2C 
A13=1.4C 
A3=0.5 
A1 1=0.2 


A2=2.7  C 
A1 2=2.7  C 


A2=4.6  C 
A1 2=2.3  C 
A13= 


A1  = 

A2=2.3  C 
A1 2=2.9  C 
A13= 


A1  = 

A2=2.7  C 
A1 2=2.5  C 
A13= 


A1  = 

A2=3.3  C 
A1 2=2.4  C 
A13= 


A1  = 
A2=2.2 
A1 2=2.5 
A13= 


FI  =1 .4  C 
F2=2.5  C 
F12=2.2  C 
FI 3=6.0  C 
F3=0+F59.5 
F11=.4 


F2=2.3  C 
FI 2=3.5  C 


FI  =1 .3  C 
F2=2.3  C 
F12=3.0  C 
F8=5.7  C 


F1=1.3C 
F2=2.4  C 
F12=3.0  C 
FI 3=4.7  C 


F1=1.3C 
F2=2.3  C 
FI 2=2.8  C 
FI 3=6.4  C 


FI  =1 .2  C 
F2=2.4  C 
FI  2=3.2  C 
FI 3=6.6  C 


F1=1.3C 
F2=2.5  C 
FI 2=3.2  C 
FI  3=5.4  C 


FI  =1.4 
F2=2.2 
FI  2=2.6 
FI  3=6.8 


FI  2=3.4 
FI  3=5.9 


No  Cracks  No  Cracks 


B1=15 

E7=15 

B17=15 

E8=16 

B19=15 

E9=19 

B20=16 

E10=18 

B23=16 

El 1=15 

B24=21 

E12=16 

B26=20 

E18=19 

E19=17 

E20=16 

E22=15 

No  Cracks 

No  Cracks 

No  Cracks 

No  Cracks 

No  Cracks 

No  Cracks 

Standard 


A  .050=87 
.075=164 
B  .050=63 
.075=155 


A 


No  Cracks  No  Cracks 


No  Cracks  No  Cracks 


No  Cracks  No  Cracks 


No  Cracks 


A  .050=100 
.075=255 
B  .050=51 
.075=135 


A  .050=81 
.075=216 
B  .050=62 
.075=161 


A  .050=79 
.075=205 
B  .050=52 
.075=154 


A  .050=83 
.075=221 
B  .050=73 
.075=156 


A  .050=87 
.075=213 
B  .050=63 
.075=157 


A  .050=85 
.075=224 
B  .050=68 
.075=164 


A  .050=81 
.075=212 
B  .050=65 
.075=158 


A  .050=88 
.075=220 
B  .050=68 
.075=167 


A  .050=81 
.075=212 
B  .050=63 
.075=154 


Cycles  1st  Row  "A" 


A1=4 
A1 3=24 

A2=9 
A1 2=28 


50,000  A1-26 
A12-19 
A12-26 
A13-35 


EIFS-11  ZB  118853-503 


1  st  Row  "F"  2nd  Row  "A"  2nd  Row  "F"  Row  B 


F1=12  A1=1 .5  F1=1.1  B1=21 

FI  3=34  A2=0.1  F2=0.6  B2=21 

F2=10  A1 2=3.2  FI  2=1 .3  B3=22 

FI  2=44  A1 3=2.4  FI  3=1 .9  B6=18 

B7=22 

B8=18 

B9=17 

B10=20 

B1 1=20 

B  12=20 

B  13=20 

B 14=22 

B15=21 

B16=17 

B17=20 

B18=21 

B 19=25 

B20=19 

B21=17 

B22=20 

B25=21 

B26=21 

B27=17 


FI-24  A1-1.8  FI-1.2  B2-18 

F2-39  A2-0.4  F2-2.7  B3-23 

FI  2-53  A1 2-2.2  FI  2-2.3  B5-16 

FI  3-31  A1 3-2.1  FI  3-3.4  B6-15 

B7-16 

B8-16 

B9-17 

BIO-17 

B11-18 

B12-21 

B13-16 

B 14-22 

B15-18 

B16-16 

B17-18 

B18-21 

B19-19 

B20-20 

B21-18 

B22-18 

B23-21 

B24-24 

B25-21 

B26-18 

B27-18 


Row  E 


E2=20 

E3=19 

E4=20 

E5=21 

E6=16 

E7=21 

E8=18 

E9=18 

E10=18 

El  1 =18 

El 2=22 

El  3=20 

E14=17 

El 5=23 

E16=18 

El 7=20 

E18=21 

E19=17 

E20=23 

E21 =22 

E22=18 

E23=18 

£24=17 


FI  0-1 5 

F1 1-15 

E12-19 

E13-17 

E14-21 

El  5-21 

E16-17 

El  7-20 

El  8-22 

El  9-23 

E20-15 

E21-15 

E22-18 

E23-17 

E24-18 

E25 

E26-30 

E27-24 


Standard 


A  .050=89 
.075=238 
B  .050=70 
.075=174 


A  .050=89 
.075-230 
B  .050-68 
.075=180 
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|  (cont.) 

EIFS-11  ZB  118853-503 

1st  Row  "A" 

1  st  Row  "F” 

2nd  Row  "A" 

2nd  Row  ”F" 

Row  B 

RowE 

Standard 

75,000 

A1  =25 

FI  =32 

A1=1 .4 

FI =1 .4 

No  Cracks 

No  Cracks 

A 

.050=83 

A2=18 

F2=45 

A2=1 .1 

F2=1.6 

.075=240 

A1 2=24 

FI  2=68 

A1 2=2.3 

FI  2=1 .6 

B 

.050=78 

A1 3=40 

FI 3=32 

A1 3=1.9 

FI  3=3.0 

.075=187 

100,000 

A1-30 

FI-31 

A1-1.4C 

FI-1.4  C 

No  Cracks 

No  Cracks 

A 

.050-79 

A2-12 

F2-57 

A2-0.2 

F2-18C 

.075-212 

A12-20 

FI  2-73 

A12-1.8C 

F12-1.9  C 

B 

.050-65 

A13-42 

FI  3-32 

A13-2.0C 

FI  3-3.2  C 

.075-162 

123987 

A1- 

FI -54 

A1-6.2 

FI-2.0 

No  Cracks 

No  Cracks 

A 

.050=82 

A2-38 

F2- 

A2-1.9 

F2-3.4 

.075=219 

A12-34 

FI  2-78 

A12-2.9 

FI  2-2.5 

B 

.050=68 

A13- 

FI  3-75 

A13-1.5 

F13-6.8 

.075=161 

135,000 

A1-10 

FI  =23 

A1=1.4 

F6=6.4 

A 

.050=91 

A2=15 

F2=36 

A2=1 .0 

F7=5.5 

.075=225 

A12=13 

F6=80 

A12=1.6 

F9=1.2 

B 

.050=66 

A13=53 

FI  =59 

A1 3=2.5 

FI  =1 .1 

.075=162 

F12=19 

F2=1.3 

FI  3=39 

FI  2=2.2 
F13=3.1 

145,000 

A1  =9 

A1=1 .5 

F6=36 

A 

.050=91 

A2=13 

A2=1 .0 

F7=32 

El 2=20 

.075=236 

A12=13 

FI  2=23 

A12=1.7 

F9=6.0 

B 

.050=65 

A13=58 

FI 3=40 

A1 3=2.7 

FI  0=4.1 

.075=172 

F6=341 

FI =1 .8 

F7=369 

F2=1.6 

F9=71 

F12=2.1 

FI 0=42 

F13=2.1 
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I  BE®  I 


EIFS-13  ZB118853-505 


Row  "A" 


100,000|No  Crack 


125,000 1  No  Crack 


150,000 1  No  Crack 


175,000  No  Crack 


200,000  A4-1 7 


210,000  A4-17 


220,000 


230,000 


240,000 


250,000 


260,000 


270,000 


280,000 


290,000 


300,000 


Row  "B" 

Row  "G" 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

No  Crack 

Standard 


.050=45 

.075=131 

.050=60 

.075=73 


A  .050-42 
.075-132 
B  .050-59 
.075-70 


A  .050-37 
.075-130 
B  .050-55 
.075-76 


A  .050-42 
.075-135 
B  .050-54 
.075-69 


A  .050-39 
.075-139 
B  .050-58 
.075-72 


mi 


HI  3-1 5 


HI  3-1 8 


HI  3-20 


HI  3-22 


HI  3-25 


HI  2-30 
HI  3-26 


H4-15 
HI  2-34 
HI  3-28 


m 


.050-45 
.075-137 
B  .050-62 
.075-66 


A  .050-42 
.075-133 
B  .050-51 
.075-74 


A  .050-40 
.075-131 
B  .050-52 
.075-71 


A  .050-43 
.075-130 
B  .050-55 
.075-71 


.050-41 
.075-136 
B  .050-57 
.075-75 


.050-40 
.075-137 
B  .050-56 
.075-70 


A  .050-41 
.075-142 
B  .050-62 
.075-74 


.050-40 
.075-137 
B  .050-57 
.075-77 


.050-45 
.075-133 
B  .050-54 
.075-77 
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EIFS-14ZB1 18853-505 


Row  "A"  Row  "B”  Row  "G”  Row"H"  Row"D'' 


75,000  No  Crack  No  Crack  No  Crack  No  Crack  No  Crack 


Row  "E" 


No  Crack 


150,0001  No  Crack  I  No  Crack  I  No  Crack  I  No  Crack  I  No  Crack  I  No  Crack 


225,000  A3=15 
A12=32 


B20=28 

B22=26 

B24=22 


No  Crack  No  Crack  No  Crack  No  Crack 


240,000  A3=25 
A12=54 


B20=32 

B22=31 

B24=20 


G16=18 


No  Crack  No  Crack  No  Crack 


255,000 


270,000 


B5-17  B24-31 G16-21 
BIO-19  G18-20 

B16-15 
B20-40 
B22-32 


B5=23  B24=38  G  16=29 
B10=27  G18=31 

B16=19  G19=25 

B20=43 
B22=41 


No  Crack  No  Crack  No  Crack 


No  Crack  No  Crack 


Standard 


.050-38 

.075-137 

.050-63 


.075-68 


A  .050-41 
.075-129 
B  .050-56 


.075-73 


A  .050=43 
.075=132 
B  .050=56 


.075=76 


A  .050=42 
.075=140 
B  .050=57 


.075=76 


A  .050=39 
.075=137 
B  .050=54 
.075=75 


No  Crack  A  .050=39 
.075=132 
B  .050=61 
.075=71 


EIFS-15ZB1 18853-505 


Row  "A"  Row  "B"  Row  "G"  Row  "H"  Row  "D" 


75,000  No  Crack  No  Crack  G2=1 5  H4-27  No  Crack 


1 50,000  No  Crack  No  Crack  G2=27  H4=28  No  Crack 


217,500  No  Crack  No  Crack  G2=35 


No  Crack 


HI 2=32 
HI 3=24 


Row  "E"  Standard 


No  Crack  A  .050=42 
.075=138 
B  .050=58 


.075=75 


No  Crack  A  .050=45 
.075=139 
B  .050=58 
.075=70 


No  Crack  A  .050=43 
.075=139 
B  .050=58 
.075=73 
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Appendix  F  EIFS  Iteration  Routine,  Visual  Basic  for 
Applications 

Public  WithEvents  mAfgrow  As  Afgrow. Application 

Public  prefs  As  PredictPreferences 

Public  user_beta  As  UserDefinedBeta 

Public  tablejookup  As  TabularLookupMaterial 

Public  i  As  Integer 

Public  j  As  Integer 

Public  k  As  Integer 

Dim  AArray(2)  As  Double 

Dim  CArray(2)  As  Double 

Dim  BaArray(2,  2)  As  Double 

Dim  BcArray(2,  2)  As  Double 

Dim  BTArray(5,  1)  As  Double 

Dim  KTable(22,  3)  As  Double  'must  be  exact  size 

Dim  BTable(24,  2)  As  Double  'must  be  exact  size 

Dim  middle  As  Variant 

Dim  Spectrum  File  As  String 

Dim  beta_result  As  Integer 

Public  ai  As  Double 

Public  ci  As  Double 

Public  TOL  As  Double 

Public  cl  stop  As  Double 

Public  cyclestop  As  Long 

Public  IterationControl  As  Integer 

Public  rerun  As  Boolean 

Dim  NewRun  As  Boolean 

Dim  Count  As  Integer 

Dim  Sheet  As  Worksheet 

Dim  answer  As  Boolean 

Dim  retard  As  Boolean 

Private  Sub  CommandButton1_Click() 
i  =  Clnt(StartBox.Text) 

CurrentBox.Text  =  CStr(i) 

'Set  startup  variables 
rerun  =  Sheetl  .Cells(2,  12) 
ai  =  Sheetl  .Cells(i,  3) 
ci  =  Sheetl  .Cells(i,  4) 
cl  stop  =  Sheetl  .Cells(i,  8) 
cyclestop  =  Sheetl  .Cells(i,  9) 

'Call  mAfgrow.PredictPreferences.SetPropagationLimits(True,  True, , , ,  cl  stop,  cyclestop) 
mAfgrow.PredictPreferences.SetPropagationLimits  True,  True, , , ,  cl  stop,  cyclestop 
mAfgrow.PredictPreferences.bCycleByCycleBetaCalc  =  True 
mAfgrow.PredictPreferences.nTransitionAt  =  KIcTransition 
mAfgrow.PredictPreferences.bOutputToPlotFile  =  True 
mAfgrow.PredictPreferences.SetOutputlntervals  SpectrumCyclicIncrement,  1 000 
Call  Run 
End  Sub 

Public  Sub  Run() 

mAfgrow.SMF  =  Sheetl  .Cells(i,  2) 
mAfgrow.CrackLengthA  =  ai 
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mAfgrow.CrackLengthC  =  ci 
Sheetl  .Cells(i,  3)  =  ai 
Sheetl  .Cells(i,  4)  =  ci 
retard  =  Sheetl  .Cells(2, 13) 

If  retard  =  True  Then 

Call  mAfgrow.SetRetardation(RetardClosureModel,  0.375,  True) 

End  If 

mAfgrow.PredictPreferences.sOutputPlotFileName  =  Sheetl  .Cells(i,  12) 

On  Error  Resume  Next 

Set  Sheet  =  ThisWorkbook.Worksheets(CStr(i  -  5)) 

If  Err.Number  <>  0  Then 

Set  Sheet  =  ThisWorkbook.Sheets.Add(,  ThisWorkbook.Sheets(i  -  3)) 

Sheet.Name  =  CStr(i  -  5) 

End  If 

ThisWorkbook.Worksheets("Results").  Activate 

NewRun  =  True 

answer  =  mAfgrow.RunPredict 

End  Sub 

Private  Sub  mAfgrow_PredictFinished(ByVal  result  As  Integer,  ByVal  dbICycles  As  Double,  ByVal 
dbIKc  As  Double,  ByVal  dbIKa  As  Double,  ByVal  dbIKct  As  Double,  ByVal  dbIC  As  Double,  ByVal 
dblA  As  Double,  ByVal  dbICt  As  Double) 

Dim  inc  As  Double 
Dim  high  As  Boolean 
Sheetl  ,Cells(i,  5)  =  dbIC 
Sheetl  .Cells(i,  6)  =  dbICycles 

If  result  =  0  Then 

Sheetl  .Cells(i,  26)  =  "Completed  Normally" 

Elself  result  =  1  Then 

Sheetl  .Cells(i,  26)  =  "After  one  pass  of  the  spectrum,  growth  was  less  than  1 ,0e-13  Program 
halted" 

Elself  result  =  2  Then 

Sheetl  .Cells(i,  26)  =  "Maximum  Number  of  passes  exceeded" 

Elself  result  =  3  Then 

Sheetl  .Cells(i,  26)  =  "Maximum  crack  length  exceeded  " 

Elself  result  =  4  Then 

Sheetl  .Cells(i,  26)  =  "Maximum  cycle  count  exceeded  " 

Elself  result  =10  Then 

Sheetl  .Cells(i,  26)  =  "No  Spectrum  file  specified...  Can  not  Predict" 

Elself  result  =  1 1  Then 

Sheetl  .Cells(i,  26)  =  "Beta  table  has  zero  length...  Can  not  Predict" 

Elself  result  =  12  Then 

Sheetl  .Cells(i,  26)  =  "Repair  patch  applied  and  initiation  on...  Can  not  Predict! " 

Elself  result  =  13  Then 

Sheetl  .Cells(i,  26)  =  "Initiation  is  not  allowed  with  this  model.  Can  not  Predict! " 

Elself  result  =  14  Then 

Sheetl  .Cells(i,  26)  =  "NASGRO  equation  Rhi  value  is  to  large" 

Elself  result  =  20  Then 

Sheetl  .Cells(i,  26)  =  "Wrong  geometry  for  an  oblique  crack" 

Elself  result  =  21  Then 

Sheetl  .Cells(i,  26)  =  "The  initial  crack  length  in  the  thickness  direction  is  greater  than  the  input 
thickness.  Check  data.." 

Elself  result  =  22  Then 

Sheetl  .Cells(i,  26)  =  "Error  in  spectrum  file(s)" 

Elself  result  =  23  Then 
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Sheetl  .Cells(i,  26)  =  "Unable  to  open  plotfile" 

Elself  result  =  24  Then 

Sheetl  .Cells(i,  26)  =  "Error  in  Initiation.  Predict  stopped" 

Elself  result  =  25  Then 

Sheetl  .Cells(i,  26)  =  "The  number  of  cycles  to  initiation  is  greater  than  2.e+9.  Predict  stopped" 
Elself  result  =  26  Then 

Sheetl  .Cells(i,  26)  =  "Not  enough  memory  to  allocate  spectrum" 

Elself  result  =  27  Then 

Sheetl  .Cells(i,  26)  =  "Only  a  BLOCKED  spectrum  may  have  more  than  one  (1)  cycle  per  stress 
level" 

Elself  result  =  28  Then 

Sheetl  .Cells(i,  26)  =  "Program  termination  by  user" 

Elself  result  =  -1  Then 
Sheetl  .Cells(i,  26)  =  "Unknown  Error" 

End  If 

high  =  True 
inc  =  -ci  /  2 

IterationControl  =  2  '0  =  Crack  length,  1  =  Cycles,  2  =  Both  crack  length  and  cycles 
If  IterationControl  =  2  Then  'Crack  Length  and  Cycles  Control  Iteration 
If  ((Abs(db!C  -  cl  stop)  <  (0.02  *  cl  stop))  And  (Abs(dblCycles  -  cyclestop)  <  (0.02  *  cyclestop))) 
Then 

i  =  i  +  1 

Sheet.Cells(1 ,  7)  =  Count 
If  rerun  =  False  Then 
Sheetl  .Ceils(i  - 1 , 3)  =  ai 
Sheetl  .Cells(i  - 1, 4)  =  ci 
Else 

ai  =  Sheetl  .Cells(i,  3) 
ci  =  Sheetl  .Cells(i,  4) 

End  If 

cl  stop  =  Sheetl  .Cells(i,  8) 
cyclestop  =  Sheetl  .Cells(i,  9) 

Call  mAfgrow.PredictPreferences.SetPropagationLimits(True,  True, , , ,  clstop,  cyclestop) 
mAfgrow.PredictPreferences.bCycleByCycleBetaCalc  =  True 
Elself  (dbIC  <  cl  stop  Or  dbICycies  >  cyclestop)  Then 
If  (cl  stop  >  0.08)  Then 
ai  =  ai  *  1.0001 
ci  =  ci  *  1.0001 
Else 

ai  =  ai  *  1.001 
ci  =  ci  *  1.001 
End  If 

Elself  (dbIC  >  cl  stop  Or  dbICycies  <  cyclestop)  Then 
If  (clstop  >  0.08)  Then 
ai  =  ai  / 1.0001 
ci  =  ci  / 1 .0001 
Else 

ai  =  ai  / 1.001 
ci  =  ci  / 1.001 
End  If 
End  If 

'  Do  While  (Abs((clstop  -  dbIC))  >  0.0001  And  Abs((cyclestop  -  dbICycies)  >  100)) 

'  If  (Abs(inc)  <  0.00001 )  Then 
’  Exit  Do 
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•  End  If 

'  ai  =  ai  +  inc 

'  ci  =  ci  +  inc 

'  cl  stop  =  Sheetl  .Cells(i,  8) 

'  cyclestop  =  Sheetl  .Cells(i,  9) 

'  Call  mAfgrow.PredictPreferences.SetPropagationLimits(True,  True, , , ,  cl  stop,  cyclestop) 

'  mAfgrow.PredictPreferences.bCycleByCycleBetaCalc  =  True 

'  If  ((Not  high)  And  (cl  stop  >  dbIC)  Or  (cyclestop  >  dbICycle))  Then 
'  inc  =  -0.5  *  inc 

'  high  =  True 

'  End  If 

'  If  ((high)  And  (cl  stop  <  dbIC)  Or  (cyclestop  <  dbICycle))  Then 

'  inc  =  -0.5  *  inc 

'  high  =  False 

'  End  If 

Elself  IterationControl  =  0  Then  'Crack  Length  Controls  Iteration 
If  (dbIC  <  (cl  stop  +  TOL)  And  dbIC  >  (cl  stop  -  TOL))  Then 
Sheet.Ceils(1, 7)  =  Count 
i  =  i  +  1 

If  rerun  =  False  Then 
Sheetl  .Cells(i  - 1 , 3)  =  ai 
Sheetl  .Cells(i  - 1 , 4)  =  ci 
Else 

ai  =  Sheetl  .Cells(i,  3) 
ci  =  Sheetl  .Cells(i,  4) 

End  If 

cl  stop  =  Sheetl  .Cells(i,  8) 
cyclestop  =  Sheetl  .Cells(i,  9) 

Call  mAfgrow.PredictPreferences.SetPropagationLimits(True,  False, , , ,  cl  stop,  cyclestop) 
mAfgrow.PredictPreferences.bCycleByCycleBetaCalc  =  True 
Elself  dbIC  <  (cl  stop  -  TOL)  Then 
ai  =  ai  *  1.1 
ci  =  ci  *  1.1 

Elself  dbIC  >  (cl  stop  +  TOL)  Then 
ai  =  ai  / 1.1 
ci  =  ci  / 1.1 
End  If 

Else  'Cycles  Controls  Iteration 

If  (dbICycles  <  (cyclestop  +  100)  And  dbICycles  >  (cyclestop  - 100))  Then 
Sheet.Cells(1 ,  7)  =  Count 
i  =  i  +  1 

If  rerun  =  False  Then 
Sheetl  .Cells(i  - 1,  3)  =  ai 
Sheetl  .Cells(i  - 1 , 4)  =  ci 
Else 

ai  =  Sheetl  .Cells(i,  3) 
ci  =  Sheetl  .Cells(i,  4) 

End  If 

cl  stop  =  Sheetl  .Cells(i,  8) 
cyclestop  =  Sheetl  .Cells(i,  9) 

Call  mAfgrow.PredictPreferences.SetPropagationLimits(False,  True, , , ,  cl  stop,  cyclestop) 
mAfgrow.PredictPreferences.bCycleByCycleBetaCalc  =  True 
Elself  dbICycles  <  (cyclestop  +  100)  Then 
ai  =  ai  / 1.1 
ci  =  ci  / 1.1 
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Elself  dbICycles  >  (cyclestop  - 1 00)  Then 
ai  =  ai  *  1.1 
ci  =  ci  *  1.1 
End  If 
End  If 

If  Sheetl  .Cells(i,  2)  >  0  Then 
CurrentBox.Text  =  CStr(i) 

Call  Run 
Else: 

answer  =  mAfgrow.Quit 
Set  mAfgrow  =  Nothing 
Unload  UserForml 
End  If 
End  Sub 

Private  Sub  CommandButton2_Click() 
j  =  6 

Do  While  Sheetl  .Cells(j,  2)  >  0 
Sheetl  .CellsG +  1, 3)  =  0 
Sheetl  .CellsG  +  1,4)  =  0 
Sheetl  .CellsG,  5)  =  0 
Sheetl  .CellsG,  6)  =  0 
Sheetl  .CellsG,  26)  =  '"' 
j=j  +  1 
Loop 
End  Sub 

Private  Sub  CommandButton3_Click() 
answer  =  mAfgrow.Quit 
Set  mAfgrow  =  Nothing 
Unload  UserForml 
End  Sub 

Private  Sub  mAfgrow_Predictlnfo(ByVal  Model  As  Long,  ByVal  dStress  As  Double,  ByVal 
dRStress  As  Double,  ByVal  dCycles  As  Double,  ByVal  dPass  As  Long,  ByVal  iOutputlnfol  As 
Object,  ByVal  iOutputlnfo2  As  Object,  ByVal  iOutputlnfo3  As  Object,  ByVal  iOutputlnfo4  As 
Object) 

Dim  iOutputl  As  Afgrow.OutputlnfoInt 

Dim  iOutput2  As  Afgrow.OutputlnfoInt 

Set  iOutputl  =  iOutputlnfol 

If  Model  <  2000  Then  Set  iOutput2  =  iOutputlnfo2 

If  NewRun  =  True  Then 

j  =  1 

Do  While  (G  <  500)  Or  (Sheet.CellsG  +  1,1)  =  " ")) 

Sheet.CellsG  +  1 , 1)  =  "" 

Sheet.CellsG  +  1,2)  =  "" 

Sheet.CellsG  +  1,3)  =  "" 

Sheet.CellsG  +  1,4)  =  "" 

Sheet.CellsG  +  1,5)  =  "" 
j=j  +  1 
Loop 

Count  =  0 
'Header  information 
Sheet.Cells(1,  1)  =  "Cycles" 

Sheet.Cells(1 , 2)  =  "c-tip" 

Sheet.Cells(1 ,  3)  =  "c-tip  beta" 

If  Model  <  2000  Then 
Sheet.Cells(1 , 4)  =  "a-tip" 

Sheet.Cells(1 , 5)  =  "a-tip  beta" 
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End  If 

Sheet.Cells(1,  6)  =  "Count" 

End  If 

NewRun  =  False 
Count  =  Count  +  1 
Sheet.Cells(Count  +  1,1)  =  dCycles 
Sheet.Cells(Count  +  1,2)  =  iOutputl  .dCrackLength 
Sheet.Cells(Count  +1,3)  =  iOutputl  .dBeta 
If  Model  <  2000  Then 

Sheet.Cells(Count  +  1,4)  =  iOutput2.dCrackLength 
Sheet.Cells(Count  +  1,5)  =  iOutput2. dBeta 
End  If 

Set  iOutputl  =  Nothing 
End  Sub 

Private  Sub  UserForm_Activate() 

Dim  k  As  Integer 

Dim  W  As  Double 

Dim  t  As  Double 

Dim  D  As  Double 

Dim  Tension  As  Double 

Dim  Bending  As  Double 

Dim  Bearing  As  Double 

Dim  UseBetaCorrection  As  Boolean 

TOL  =  0.0001 

'Spectrum 

SpectrumFile  =  Sheetl  .Cells(3,  2) 

'Spectrum File  =  "D:\Analysis\AFGROW\10-4-6  Marker.sp3" 

Set  mAfgrow  =  CreateObject("Afgrow.Application") 
answer  =  mAfgrow.OpenSpectrumFile(SpectrumFile) 

'Material  Model 

Set  tablejookup  =  mAfgrow.SetTabularLookupMaterial 
'Crack  Case 

mAfgrow.Modei  =  aDoubleCornerAtHole 
W  =  Sheetl  .Cells(2,  2) 
t  =  Sheetl  .Cells(2,  3) 

D  =  Sheetl  .Cells(2,  4) 

Call  mAfgrow.SetCrackedPlateWithHoleProp(W,  t,  D) 

'Loads 

Tension  =  Sheetl  .Cells(2,  5) 

Bending  =  Sheetl  .Cells(2,  6) 

Bearing  =  Sheetl  .Cells(2,  7) 

Call  mAfgrow.SetLoad(Tension,  Bending,  Bearing) 

Call  mAfgrow.SetTransitionToOblique 

'Miscellaneous 

mAfgrow.Visible  =  False 

'Read  in  the  Beta  Correction  Factors 
UseBetaCorrection  =  Sheetl  ,Cells(2, 10) 

If  (UseBetaCorrection  =  True)  Then 
mAfgrow.BetaCorrection.bUseBetaCorrection  =  True 
mAfgrow.BetaCorrection.nTypeOfData  =  BetaCorrectionFactors 
k  =  0 

Do  While  k  <  25 
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BTable(k,  0)  =  Sheet2.Cells(4  +  k,  2) 

BTable(k,  1)  =  Sheet2.Cells(4  +  k,  3) 

BTable(k,  2)  =  Sheet2.Cells(4  +  k,  4) 
k  =  k  +  1 
Loop 

middle  =  BTabie 

mAfgrow.BetaCorrection.aBetaCorrectionData  =  middle 
End  If 

'Set  the  crack  growth  rate  data  using  tabular  look-up 
k  =  0 

Do  While  k  <  4 
j  =  0 

Do  While  j  <23 
If  (k  =  0  And  j  =  0)  Then 
KTableO,  k)  =  0# 

Else 

KTableO,  k)  =  Sheet3.CellsO  +  2,  k  +  2) 

End  If 
j=j  +  1 
Loop 
k  =  k  +  1 
Loop 

tableJookup.sMaterialName  =  Sheet3.Cells(2,  6) 

Dim  kVar  As  Variant 
kVar  =  KTable 

Call  table_lookup.SetData(kVar,  Sheet3.Cells(8,  7),  Sheet3.Cells(8,  6),  Sheet3.Cells(5,  7), 

Sheet3.Cells(5,  6),  Sheet3.Cells(8,  9)) 

tableJookup.dKc  =  Sheet3.Cells(5,  8) 

tableJookup.dKIc  =  Sheet3.Cells(5,  9) 

tableJookup.dPoissonsRatio  =  Sheet3.Cells(5, 10) 

tableJookup.dThermalEx  =  Sheet3.Cells(8,  8) 

tableJookup.dYield  =  Sheet3.Cells(8, 10) 

tableJookup.dYoungModulus  =  Sheet3.Cells(8,  11) 

End  Sub 
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